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THE    SIXTH    EDITION. 


r  desire  and  aim  in  writing  and  reniditing  this  book 
were,  and  arc.  to  arouse  interest  as  well  as  to  impart 
Linstniction.  Labour  is  not  to  be  shirked  in  the  study  of 
,  great  question ;  but  it  may  be  lightened  in  two  ways : 
by  the  diminution  of  its  absolute  amount ;  and, 
•econdly,  by  calling  forth  an  energy  which  shall  diminish 
it  relatively.  The  true  teacher,  with  the  discipline  of  hia 
pupil  in  view,  will,  I  apprehend,  always  invoke  the  positive 
in  preference  to  the  negative  force. 

The  volume  has  been  out  of  print  for  more  than  two 
years;  for  I  was  unwilling  to  ollow  a  new  edition  to 
appear  without  such  additions  and  alterations  as  experi- 
ence proved  to  be  dcsimble.  Tlic  historic  development  of 
be  sabject  is  more  fiilly  dwelt  upon  in  this  edition  than 
in  previous  ones;  and  here  I  have  to  acknowledge  my 
indebtedness  to  Dr.  Gerhard  Berthuld  tor  his  learned 
memoirs  on  this  and  kindred  themes.  The  illustrations  of 
the  mechanical  production  of  heat  have  been  varied  and 
multiplied  to  some  extent;  new  chapters  on  KlectricaA 
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Ueat  have  been  introduced,  wliile  the  sections  treating  of 
Chemical  and  Physiulogical  Heat  have  been  altered  and 
expanded.  Throughout  the  book  I  have  endeavoured  to 
pare  away  what  could  be  spared,  and  to  add  what  on  re- 
flection seemed  worthy  of  introduction,  but  which  had 
been  previously  left  out. 

Kot  the  results  alone  of  scientific  inquiry,  but  the 
operations  of  the  inquiring  mind,  are  of  interest  to  the 
reader  here  in  view.  I  have  therefore  tried  to  show  the 
tendency  displayed  throughout  history,  by  the  most  pro- 
found investigators,  to  pass  from  the  world  of  the  senses 
to  a  world  where  vision  becomes  spiritual,  where  princi- 
ples are  elaborated,  and  from  which  the  explorer  emerges 
with  conceptions  and  conclusions,  to  be  approved  or 
rejected  according  as  they  coincide,  or  refuse  to  coin- 
cide, with  sensible  things.  By  his  observations  and  re6ec- 
tions  in  the  domain  of  fact  the  scientific  philoeopher  is 
led  ixreaistibly  into  the  domain  of  theory,  his  final  repoiaj 
depending  on  the  establishment  of  absolute  harmony 
between  both  domains.  Thus  the  motions  of  the  solar 
aystam  rest  securely  upon  the  Principle  of  Gravitation  ; 
light  reposes  on  the  Theory  of  Undulation,  while  it  is  the 
object  of  this  book  to  show  that  thermal  phenomena  find 
a  similar  basis  in  the  Mechanical  Theory  of  Heat. 

On  the  continent,  science  leans  on  the  strong  arm  of 
the  State ;  in  England  its  advancement  must  depend  upon 
the  sympathy  of  the  public.  Hence  the  supreme  import- 
ance, in  our  ease,  of  sproadiDg  abroad  correct  notions 
regarding  its  capacities,  achievements,  and  aims.  The 
prnclical   triumphs  of  our  day  are  obvious  enough,  and 
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Utey  are  etUl  freqoenUj  spoken  of  as  if  tbey  ooortituteil 
tbe  entire  claim  of  soienoe  to  tbe  wortcTs  attcDtion. 
To  MMDe  it  seems  &  kind  of  bandicntil,  wbilc  others 
Ihiuk  it  is,  or  ought  to  be,  a  mere  congeries  of  facta. 
Bat  they  who  regard  it  thua  can  know  bat  little  of 
the  logic  which  mns  through^  and  biiuls  together*  that 
*  System  of  Nature  *  which  it  is  at  onoe  the  glory  and  tbe 
iMponsibility  of  science  to  investigate  and  unfold.     Far 

I  it  from  me  to  claim  for  science  a  position  which  would 
exclude  other  forms  of  culture.  A  dLstiuguished  friend  of 
mine  may  count  on  an  ally  in  the  scieotific.  nmkB  wbea  he 
oppows,  on  behalf  of  literature,  every  attempt  to  render 
edence  tbe  intellectual  all  in  all.  Ours  would  be  a  grey 
world  if  illuminated  solely  by  tbe  dry  light  of  tbe  un- 
derstanding. It  needs  equally  the  glow  and  giudance  of 
liigh  feeling  and  right  thinking  in  other  ^pbcres.  But 
this  may  be  conceded  while  afSrnung  the  just  and 
irrefragable  claim  of  science  to  a  more  liberal  space  in 
public  education  than  that  which  it  is  now  permitted  to 
occupy. 

J.  T. 

RoTAi.  law  mj  HUM :  Jpril,  1S80. 


The  celebrated  memoir  of  Sadi  Camot,  entitled  *  R^ 
flexions  sur  la  Puissance  Motrice  du  Feu,*  first  published 
in  1824,  was  republished  by  his  brother  in  1678 ;  and  its 
reappearance  with  an  appendix  of  previously  unpublished 
notes  demands  a  reference  here.  The  fundamental  prin- 
ciple of  this  profound  essay  was,  that  heat  could  only  pro- 
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iluoe  work  during  Ha  passage  from  a  wann  body  to  a  cold 
one.  Carnot  added  the  assumption  that  in  the  passage  no 
heat  was  lost.  '  La  production  de  la  puissance  motrice  est 
done  due,  dans  les  machines  &  vapeur,  non  k  une  oonsom- 
matiou  r^lle  du  calorique,  vnais  a  styti  transport  cTun 
corps  chaud  a  un  corps  froid,*  He  compares  the  descent 
from  a  high  temperature  to  a  lov  one  to  the  fall  of  vater 
from  a  higher  to  a  lower  leveL  *  La  puissance  motrice 
d'une  chute  d'eau  depend  de  sa  hauteur  et  de  la  qtudite  du 
liquide ;  la  puissance  motrice  de  la  chaleur  depend  aussi 
de  la  qualite  de  calorique  employe  et  de  ce  qu'on  pounrait 
nommer,  de  ce  que  nous  appellerons  eu  efiet,  la  fuiutear 
de  sa  chute,  c*est-&-dirc  de  la  ditTcrence  de  tempcratura 
des  corps  entre  lesquols  ee  fait  I'L^change  du  calorique,* 
Clausius  was  the  first  to  di:<engage  from  the  reaeoningH  of 
Carnot  the  erroneous  assumption  that  in  the  production  of 
motive  power  no  hcnt  was  lost.  But  from  the  unpublished 
notes  of  Carnot  himself  above  referred  to,  it  appeara  that* 
before  his  death  in  1830,  he  had  clearly  disentangled  his 
mind  from  his  first  assumption. 

In  the«e  notes  be  combats  the  notion  of  the  materiality 
of  heat,  referring  to  the  ejcperiment«  of  Kumford  to  prove 
that  it  is  a  kind  of  motion,  '  Ainsi,'  he  sayB,  *  la  chaleur 
est  creoe  par  le  mouvement.  Si  ello  est  une  mati^re,  il 
faut  admettre  que  la  mati^re  est  cr^  par  le  mouvement,* 
In  his  day  the  iindulatory  theory  of  light  had  already 
taken  root  in  men's  minds,  and  Carnot,  in  those  inedited 
notes,  connects  that  theory  with  the  dynamical  theory  of 
heat.  'On  rcgarde  aujourd'hui  g^n^ralement  la  lumidre 
comme  le  rSsulUt  d^un  mouvement  de  vibration  du  fiuide 
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4niiM,  La  lumiArc  pruOtiit  de  la  cbaleur,  011,  au  moins, 
^e  accompogne  1a  clialeur  rayonnante,  et  Be  mciit  avec  la 
m^rne  vilease  qu^elle.  La  chalcur  layomiaxite  est  douo  un 
moavemect  de  vibration.  II  Berait  ridicule  de  supposer 
que  c*e8t  une  ^missioD  de  corps,  tandis  qne  la  lumi^re  qui 

.Vaccompagne  ne  aemit  qu*un  mouvement.  Ud  mouve- 
ment  pourrait^il  produire  un  corps  ?  Non,  Bans  doute,  it 
ne  peut  produire  qu^un  monvemcat.  La  chaleur  est  douu 
le  T^ltat  d*un  mouvement.  Alors  U  est  tout  simple 
qu^elle  puisae  ee  produire  par  la  couBommatioD  de  pui&sance 
moLrice,  et  qu*eUe  puisse  produire  cette  puissance.' 

The  notes  are  replete  with  clear  and  pregnant  re- 
maxka,  one  or  two  of  the  most  remarkable  of  which  may 
be  here  reproduced.  *  La  chaleur  n'eat  autre  chose  que  la 
liasanoe  motrice,  ou   plutot  que   le  mouvement  qui   a 

-changd  de  forme.  Cest  im  mouvement  dana  lea  particules 
des  corps.  Partout  oii  il  y  a  destruction  de  puissance 
motrice,  il  y  a,  en  m£me  temps,  production  de  chaleur  en 
qnantit^  pr^is^ment  proportionelle  k  la  quantity  de  pui»- 

rsance  motrice  d^triute.     H^iproqufment,  partout  oii  il  y 
destruction  de  chaleur,  il  y  a  production  de  puiflBance 
motrice.* 

*  On  pcut  done,'  he  continues, '  poser  en  thdse  g^n^rale 
qne  la  putssance  motrice  est  en  quantity  invariaUe  dans  la 
qu'elle  n'eet  jamais,  k  proprement  parler,  ni  pro- 
loite  ni  d^troite.  A  la  v^rit^,  elle  change  de  forme,  c^cst- 
Mire  quelle  produit  tantot  on  genre  de  mouvement, 
Unt5t  un  autre ;  mats  elle  n*est  jamais  an&wtie** 

Camot   appears   to   have  clearly  realised  the  idea  of 
a  strict  numerical  equivalence  between  heat  and  motive 
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power.  '  D*apr^  quelquea  ide&s  que  je  me  Buis  form^ 
Bar  la  ibeorie  de  la  chaleur,  la  pruduction  d'une  lUkit^ 
de  puissauce  motricc  ncccasite  la  destruction  de  2*70  unil^ 
do  chaleur.'  Assuming  with  Carnot's  brother  the  unit  of 
motive  power  here  referred  to,  to  he  the  raising  of  a  cubic 
metre  of  water,  one  metre  high,  Camot*B  evaluation  would 
make  the  mechanical  equivalent  of  heat  370  kilogmm* 
metrcs.  M'hat  the  basis  of  this  evaluation  was  docs  nut 
appear,  but  it  docs  no  violence  to  probability  to  suppose 
that  a  mind  so  penetrating  had  made  use  of  the  ratio  of 
specific  heat  at  constant  pressure  to  specific  beat  at  constant 
volume  afterwards  employed  by  Mayer.  The  point  of  highest 
historic  interest  here  is  that  no  great  step  in  ecience  is 
made  in  an  isolated  manner.  The  spirit  of  the  age,  if 
we  may  use  a  vague  term,  is  more  or  less  impregnated  with 
the  new  conception  before  it  receives  distinct  enunciation. 
Camot  proposed  to  himself  the  following  experiments, 
which  show  bow  completely  he  bad  grasped  the  true  rela- 
tion between  heat  and  work.  *  Repeter  Texp^rience  de 
Rumford  but  le  forage  d'un  mi^tal  dans  Teait,  mais  mesurer 
la  puissance  motrice  consomm6e  en  m&me  temps  que  la  cha- 
leiu*  produite ;  mSmea  experiences  sur  plusieurs  m^taux  et 
Burlebois.*  Tlieuseof  the  word 'mais'  in  this  passage  indi- 
cates that  Camot  proposed,  not  only  to  repeat  the  ezperi- 
mentof  Bumfordfbutto  supplement  it  in  the  direction  which 
gives  the  experiment  its  chief  scientific  significance.  He 
proceeds : — '  Frapper  ua  morceau  de  plomb  en  plusieura 
sens,  mesurer  la  puissance  motrice  consomm^e  et  la  chaleur 
produite.  MSmcs  experiences  sur  d'autres  metaux/ 
Again: — 'Agiter  fortemcnt  de  Teau  dans  un  barillel  uu 
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dans  un  oorpe  de  pompe  k  double  effet  et  dont  Ic  pistun 
serait  perc6  d'une  petite  ouverture.'  Again: — 'Exp^ri- 
ences  du  ni6me  genre  but  Tagitation  du  murcure,  de 
I'alcool,  de  Tair  et  d'autres   gaz.    Mesurer   la   puissance 

pBonaommee  et  la  chaleur  produitei.'  Carnot  also  refers  to 
the  expaDsion  of  gases  as  funii^liing  a  means  of  comparing 
the  heat  conaumed  with  the  work  produced,  and  vice 
f«r«a. 

With  reference  to  the  law  of  equivalence  Monsieur  H. 

LCarnot,  the  brother  and  editor  of  Sadi  Carnot,  makes  the 
following  just  remarks  :  — *  Ccs  lois,  la  loi  d*c<|ui valence  du 
moiofl,  6tait  ignoree  de  tons,  et  de  Sadi  Carnut  liii-m^me, 
lorequ'il  composa  son  Uvre.  Elle  ee  ddgagea  pcu  a  puu 
dans  la  suite  de  ses  travaux.  II  arriva  k  la  cuncevoir  et  h 
la  formuler  exactement :  ses  notes  manuscrites,  ses  pr<K 
gnimmes  d'experiences  ne  laissent  aucun  doute  i  cet  ^ard. 
C>n  sera  frapp4,  en  les  lisant,  de  I'analogie  qui  existe  entre 
nertaines  des  idees  qn'il  exprime  et  celles  qui  ont  M  plus 

Ltard  d^velopp^es  par  Mayer,  entre  ses  projets  d*exp^ri- 
et  les  experiences  qui  ont  ete  realist  par  Joule. 
eat  bien  entendu  que  la  similitude  dont  nous  parlons 
De  dimisue  en  rieo  le  m^rite  de  ces  savants,  puisqa*ils 
n*eurent  pan  oonnaissance  des  travaux  de  leur  pr^d^ce»- 
•eur/ 
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4min>n: — hotm  on  thb  comrraocnov  or  rax  oAXTAvoicmta. 


THE  aspects  of  Nature  provoke  in  man  tbe  spirit  of 
inquiry.  Aa  the  eye  is  formed  to  see,  and  the  ear  to 
liear,  so  the  human  mind  is  formed  to  explore  and  under- 
stand the  basis  and  rekitionship  of  natural  pheuoinrna. 
A  modem  discovery  illustrates  the  manner  in  which 
our  present  mastery  over  nature  has  been  obtained. 
We  start  with  a  magnet  of  Infinitesimal  power,  which 
gives  rise  to  electric  ciurents  of  infinitesimal  strengtlu 
These  react  upon  the  magnet,  exalt  its  attractive  and 
repulsive  forces,  thus  enabling  it  to  produce  stronger 
currents,  which  again  react  upon  and  euhance  the  power 
of  their  source.  Thus  we  rise  from  an  origin  too  feeble 
to  produee  the  slightest  spark  or  gleam,  to  an  energy 
oompet«nt  to  produce  the  solar  brilliancy  of  the  electric 
light.  In  a  similarly  small  way  the  human  mind  began 
its  operations  among  the   powers  of  Nature :   wiuning 
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first  a  little  knowledge  and  a  little  strength,  and  then 
turning  the  knowledge  and  the  strength  so  won  hack 
upon  Nature,  with  the  view  of  winning  more.  Action 
and  reaction  have  thus  gone  on  from  prehistoric  ages  to 
the  present  time.  The  result  is  that  stored  body  of 
scientific  knowledge,  and  that  developed  power  of  scien- 
tific investigation,  which  have  revolutionised  philoitophy, 
and  begotten  thofte  marvels  of  practical  Science  in  the 
loidst  of  which  we  dwelL 

Seventeen  years  ago,  after  some  tentative  tnals  in 
previous  years,  I  endeavoured  to  bring  one  of  the  moat  im^ 
portant  results  of  this  interaction  of  Man  and  Nature  before 
the  members  of  the  Royal  Institution,  and  eubsequently,  in 
a  more  permanent  form,  before  the  world  at  large.  After 
much  study  of  the  subject,  and  much  reflection  on  the 
mode  of  treating  it,  I  ventured  to  expoimd  in  &miliar 
language  and  by  simple  experiments,  the  grotmds  and 
outcome  of  the  momentous  doctrine  known  as  the  Con- 
servation of  Eaei^,  or  the  Con8er\'ation  of  Force.  To- 
day we  re-enter  this  great  domain,  with  the  view  of 
reviving  our  knowledge  and  extending  its  range. 

Whether  we  regard  its  achievements  in  the  past,  or 
its  promise  in  the  future,  the  whole  tendency  of  Fhysical 
Science  is  to  confirm  the  dictum  of  the  poet  that 

AH  are  but  parte  of  on«  etupendoiu  wliola. 

And  the  discipline  and  delight  of  our  present  work  will  con- 
sist, not  in  the  regiftnitioD  of  indej)endent  phenomena,  but 
in  the  discovery  of  bonds  and  connexions  which  show 
the  various  parts  and  powers  of  Nature  to  be  as  definitely 
related  to  each  other  as  are  the  organs  and  procesaes  of  the 
living  body  itself. 


It  is  my  first  duty  to  make  you  acquainted  with  soma 
of  the  instruments  intende<l   to  be  employed  in  the  ex* 
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aminatioD  of  tlie  doctrioe  just  referred  to.  Some  means 
must  be  devued  of  making  the  tndicationa  of  beat  and  void 
viidble  to  you,  and  fur  this  purpose  an  ordinary  thermometer 
would  be  useless.  Yon  could  not  observe  itR  action ;  and  as 
it  is  my  desire  that  we  should  be  copartners  in  these  labours, 
I  axa  anxious  that  you  should  dee  with  your  own  eyes  the 
fAOts  on  which  our  subsequent  pltilosophy  is  to  be  based* 
To  secure  this  end,  I  have  been  obligctl  to  abandon  the  use 
4>f  a  common  thermometer,  and  to  resort  to  the  little 
instrument  now  to  be  described. 

Flo.  1. 


This  instrument,  a  u  (fig.  I ),  is  called  a  th^rmo-electria 
piU^  or  more  briefly  a  tliOT^iO-pUe,  It  acts  thus ; — When 
heat  is  cumraunicated  to  the  face  a  of  the  pile  it  generatpx 
an  electric  current ;  and  an  electric  currcnthas  the  power  of 
deflecting  a  freely  suspended  magnetic  needle,  to  which  it 
flows  parallel.  Before  yon  19  placed  such  a  needle,  m  n 
(fig.  1),  in  part  surrounded  by  a  covered  copper  wire,  thu 
free  ends  of  which,  ww,  are  connected  with  the  thermo-pile. 
The  needle  is  suspended  by  a  fibre,  a  s,  of  cocoon  silk, 
and  protected  by  a  glass  shade,  0,  from  all  disturbance  by 
currents  of  air.    To  one  end  of  the  needlo  in  fixed  a  piece 
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of  red  and  to  the  other  end  a  piece  of  blue  paper.  All 
of  you  see  these  pieces  of  paper,  and  wheu  the  oeedle 
moven  its  motion  will  be  clearly  visible  to  the  most  distant 
ppraon  in  this  room. 

This  instrument  is  called  a  gtUvanometer.^ 
At  present  the  needle  is  quite  at  rest,  and  points  to 
the  zenwmarlc  on  the  gradoated  disk  imdemcath  it.  This 
ahows  that  there  ia  no  current  passing.  I  breathe  for  an 
instant  against  the  naked  face  a  of  the  pile — a  single  pufT 
of  breath  is  sufficient  for  my  purpose — the  needle  starts 
off  and  passes  through  an  arc  of  90".  It  would  go  farther 
did  wo  not  limit  its  swing  by  fixing,  edgeways,  a  thin 
plate  of  mica  at  this  point.  This  action  is  produced  by 
the  small  amount  of  warmth  commuuicated  by  my  breath 
to  the  face  of  the  pile,  and  no  ordinary  thermometer 
could  give  so  largo  and  prompt  an  indication.  Take 
notice  of  the  direction  of  tho  deflection ;  the  red  end  of 
the  noedle  moved  from  me  towards  you.  We  will  let  the 
heat  wasto  itself;  it  does  so  rapidly,  and  as  the  pile  cools, 
the  needle  returns  to  its  firet  position.  Chilling  a  plate 
of  metal  by  placing  it  on  ice,  I  wipe  the  metal,  and  touch 
with  it  the  face  of  the  pile,  A  moment's  contact  sufficps 
to  produce  a  prompt  and  energetic  deflection  of  the  needle. 
But  mark  the  direction  of  the  deflection.  When  the  pile  was 
warmed,  the  red  end  of  the  needle  moved  from  me  towards 
you  ;  the  same  end  now  moves  from  you  towards  me.  The 
important  point  here  established  w,  that  from  the  direc- 
tion in  which  the  needle  moves  wo  can,  with  certainty, 
infer  whether  cold  or  heat  has  been  communicated  to  the 
pile ;  and  the  energy  with  which  the  needle  moves — the 
promptness  with  which  it  is  driven  aside  from  its  position 

'  Id  the  actual  arranf^rneDt  tha  g>L|vAnninH.«r  here  doMribixl  stood  od  a 
■lool  In  front  of  ttw  l«rtiire  laWo.  the  virci  w  to  bciog  Bafliciontty  long  U* 
rmeli  from  the  table  lo  tho  •tool.  ForafiirtliordoMriptiofiof  the  itutmniHDt 
ftr«  iho  Apposdix  to  ihla  Lecture. 
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of  rest — gives  us  some  id«a  of  the  comparstive  ciaantities 
of  heat  or  cold  imparted  in  ditferent  cases.  On  a  future 
occasioa  we  maj  learn  how  to  express  with  nummcAl 
accuracj  the  relative  quantities  of  heat  communicated 
to  the  pile,  for  the  present  a  general  knowledge  of  our 
ioitrument  is  sufficient. 

XBCSAXICAL    HEAT. 


My  dedre  now  is  to  illustrate  with  sufficient  fullness 
the  mechanical  geneiatioo  of  heat,  FVom  the  next  room, 
which  is  cooler  tlian  this  one,  my  assistant  brings  a  piece 
of  wood  which  ought  to  be  slightly  colder  than  the  pile. 
The  fiftoe  of  the  instrument  being  placed  against  the  piece 
of  wood,  the  red  end  of  the  needle  moves  from  you  towards 
me,  thus  showing  that  the  contact  has  chilled  the  instru- 
ment. I  now  very  gently  and  very  carefiilly  rub  the  feco 
of  the  pile  along  the  surface  of  the  wood — 'carefully,* 
because  the  pile  ts  brittle,  and  rough  usage  wotdd  destroy 
it.  The  prompt  motion  of  the  red  end  of  the  needle  towards 
you  declares  that  the  face  of  the  pile  has  been  heated  by 
this  small  amount  of  friction.  A  flat  brass  button,  attached 
to  tite  end  of  a  cork,  which,  «^hen  taken  hold  of,  preserves 
the  brass  ^m  the  warmth  of  the  hand,  is  placed 
against  the  face  of  the  pile.  The  needle  moves,  showing 
that  the  metal  is  cold.  A  moment*s  rubbing  on  the 
avrface  of  a  cold  piece  of  wood  renders  the  brass  so  hot, 
that  if  allowed  tn  remain  lont;  in  contact  with  the  pile  the 
current  generated  would  dash  the  needle  violently  against 
its  stops,  and  probably  derange  its  magnetism.  An 
iflstant's  contact  produces  a  strong  deflection.  I  rub  a 
nsor,  which  has  been  cooled  by  contact^with  ice,  along  n 
dry  hone,  as  if  to  sharpen  it.  On  placing  the  razor 
against  the  face  of  the  pile,  the  steel,  wliich  a  moment 
I  ago  was  cold,  is  declared  hot.  Along  a  cold  knife-board, 
■     I  rub  a  oold  knife.     Pl^ed  afterwards  against  the  pile, 
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the  knife  declares  itself  to  be  hot.  I  pass  a  cold  ^aw 
through  a  cold  piece  of  wood,  and  briug  the  rubbed  suHaoe 
of  the  wood  into  contact  with  the  pile.  The  needle 
iiutaiitly  moves  in  a  direction  which  shows  ihe  wood  to 
be  heated.  AUowiug  tlie  needle  to  return  to  zero,  and 
applying  the  saw  itself  to  the  pile,  it  also  is  proved  hot. 
These  belong  to  the  simplest  and  most  commonplace  ex- 
amples of  the  jjeneration  of  heat  by  friction,  and  they  are 
chosen  for  this  reason.  Humble  as  they  appear,  they  are 
illustrations  of  a  principle  which  determined  the  polity 
of  the  whole  material  universe. 

Heat  is  also  produced  by  compression.  Placing  a  lead 
bullet  between  the  plates  of  a  small  hydraulic  press,  I 
Bqueeze  it  to  flatness.  Brought  into  contact  with  the  pile, 
the  galvanometer  declares  that  heat  baa  been  developed 
by  the  compression.  Percussion  produces  a  similar  effect. 
I  place  a  cold  lead  bullet  upon  a  cold  anvil,  and  strike  it 
with  a  cold  sledge-hammer.  The  motion  of  the  hammer 
is  suddenly  arrested  ;  apparently  the  force  with  which  the 
sledge  descends  is  destroyed.  But  when  we  examine  the 
Hattened  lead  we  find  it  heated ;  and  we  shall  hy-and-by 
learn  that,  if  wo  could  gather  up  all  the  heat  generated 
by  the  bliock  of  the  sledge,  and  apply  it  without  loss 
mechanically,  we  should  be  able,  by  means  of  it,  to  lift  the 
hammer  to  the  height  from  which  it  fell. 

Another  experiment  is  hero  arranged,  which  is  almost 
too  delicate  to  be  performed  with  our  large  apparatus,  but 
which,  nevertheless,  is  easily  executed  with  proper  instru- 
ments. This  small  basin  contains  a  quautity  of  mercury 
which  has  been  cooled  in  the  next  room.  Oue  of  the 
face«  of  the  thermo-electric  pile  being  coated  with  a  pro- 
tective varnish,  is  plunge*!  into  the  liquid  metal.  The 
deflection  of  tJie  needle  proves  that  the  mercury  is  cold. 
Two  glasses,  a  and  D  (fig.  2),  are  swathed  thickly  round 
with  limiting,  to   prevent  the  warmth  of  the   hands  from 
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reaching  the  mercury.  I  pour  the  cold  mercury  into  ono 
of  the  glasses,  and  then  from  Ihe  one  gUss  into  the  other, 
and  back.  Its  motion 
is  destroyed,  but  heat 
is  developed.  The 
amount  of  heat  gene- 
rated by  a  single  pour- 
ing out  is  extremely 
small ;  so  we  will  re- 

^peat  the  process  ten 
or  fifteen  times.  The 
pile  being  now  plunged 

|into  the  liquid,  the 
Beedle  moves;  and  its^ 

^motion  declares  that 
the  mercury,  which  at 
the  beginning  of  the  experiment  was  cooler,  is  now 
warmer  than  the  pile.  We  here  introduce  into  the 
lecture-room  an  efTect  which  occurs  at  the  base  of  every 
waterfall.  There  art;  friends  before  me  who  have  stood 
amid  the  foam  of  Niagara,  and  I  have  done  bo  niysolf. 
Had  we  dipped  suffiuienliy  sensitive  thermometer^f  into  the 
water  at  the  top  and  at  the  bottom  of  the  caUiruct,  we 
should  have  found  the  latter  warmer  than  the  former.  The 
Bailur's  tradition,  also,  is  theuretically  correct;  the  sea  is 
rendered  warmer  by  a  6t<irm,  the  mechanical  dash  of  its 
billows  being  ultimately  oonverted  into  heat.' 


'  I  *«j  '  tboereiicsUj  corroet,  bvCHUM  it  would  requiro  far  more  ran 
ud  tonirumeDtiil  d<Ii£ftc,T  ihao  appetr  to  Hato  been  invoked,  to  prove  thnC 
tlie  olienrTeil  diffrrvnccs  of  lempcnii.Ttro  b«t-woea  sea  aad  Air  vera  duo 
totcly  to  mecltoniail  acliLn.  NoTBithitlesii  ibe  trsditiua  is  na  old  onv,  mu 
the  fJIuwiog  qnottcioD  proru: 

*  In  one  of  those  g*''*'  o°  Sapteiaber  12,  Dr.  Irviog  tried  the  Um- 
|«rmtan>  of  tb«  sea  iu  ibat  itaia  vf  H^tAtion,  and  found  it  ootisidcr&bljr 
vmrmpT  thmn  ttuit  of  the  atiuosph^ro.  Tliis  obsMTBtiaa  is  the  more  ia* 
tefMttng,  u  it  n^reos  wiih  a  pssssige  ia  Plutiin'h's  Nnttirnl  Questions,  not 
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Whenever  friction  is  overcome,  heat  is  produced,  and 
the  heat  produced  is  the  exact  measure  of  the  power 
expended  in  overcoming  the  friction.  The  beat  is  aimply 
the  original  power  in  another  form,  and  if  we  wish  to 
postpone  tliis  conversion,  we  must  abolish  tiie  friction.  We* 
place  oil  upon  the  surface  of  a  hone,  we  grease  a  saw, 
and  we  are  careful  to  lubricate  the  axles  of  our  railway 
carriages.  What  is  the  real  meaning  of  these  acts  ?  It 
IB  the  object  of  a  railway  engineer  to  urge  his  train  from 
one  place  to  another ;  and  it  is  not  his  interest  to  allow 
any  portion  of  his  force  to  be  applied  in  a  manner 
which  would  not  promote  the  attainment  of  his  object. 
He  does  not  want  his  axles  heated,  and  hence  he  avoids 
as  much  as  possible  expending  his  power  in  heating 
thorn.  He  has  obt^ned  his  force  from  beat,  and  it  is 
not  his  object  to  reconvert  by  friction  the  force  thus 
obtained  into  its  primitive  form.  For  every  degree  of 
temperature  generated  in  his  axlen,  a  definite  amount 
would  be  withdrawn  from  bis  urging  force.  There  would 
be  no  absolute  loss.  Could  he  gather  up  all  the  heat 
generated  by  the  friction,  and  apply  it  mechanically,  he 
would,  by  it,  be  able  to  impart  to  the  train  the  precise 
amount  of  speed  which  it  had  lost  by  the  friction.  Every 
one  of  those  railway  porters  whom  you  see  moving  about 
with  bis  can  of  yellow  grease,  and  opening  the  little  boxes 
which  surround  the  carriage  axles,  is,  without  knowing 
it,  illustrating  a  principle  which  forms  tlie  very  solder  of 
Nature*  In  the  long  run,  however,  the  generation  of  beat 
cannot  be  avoided.  All  tho  furcc  of  our  locomotives  eveu- 
tually  takes  this  form.  To  maiut-ain  the  proper  speed,  the 
friction  of  the  train  must  be  continually  overcome,  and  the 


Z  bolioTB,  befort  Ultra  notico  of,  or  conflrmed  by  ezparimstitt  in  which  ha 
rom&rks  that  the  lea  boootnea  wanner  hj  being  agitHted  in  mrof.' — 
*  A.  Voyii^e  to  the  Koith  Polo,  und»rta1[on  b/  his  H^utya  oomnuuuli 
1773.  hy  OofutAQtioe  John  Phipiu.' 
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fcm  wpeat  in  oreratmm^  it  is  tmltirtij  oonvcrted  into 
heaU  An  emtnent  writer  ■  hM  eoomnred  t^  piooaa  to 
oneofdiftiiUtioa:  the  beat  of  tbe  fonce  dirtik  iato  tbe 
■MwhwHiml  motioii  of  tKe  timiB,aiMl  tUs  motion  nean- 
densM  as  beat  in  the  wheels  axle^  nad  niU. 

80  also  vitli  regaid  to  the  greaflng  of  a  lav  bj  a 
caqMnto',  He  applies  his  forae  with  the  express  object 
of  catting  throogfa  tbe  wood.  He  wiffbes  to  overeoine 
ntcchanirjil  eoheeion  by  the  teeth  of  his  saw,  and  wbeo  it 
mones  stifflr,  the  same  amount  of  effort  mar  produee  a 
inoeh  smaller  effect  tJum  when  tbe  implement  moTes 
witboQt  frictioQ.  But  in  what  sense  nnaUer  f  Not  ahso- 
loidj  so,  bat  smiller  as  regards  the  aet  of  sawinji:.  The 
foree  not  expended  in  sawing  is  miwppliedf  not  lost ;  it  is 
ooQTerted  into  heaU  Here  a|;iiin,  if  we  could  collect  tbe 
heat  eogecderedby  tbe  friction,  and  appljritto  tbe  urging 
of  tbe  saw,  we  should  make  good  tbe  precise  amotmt  of 
woric  wbicli  the  carpenter,  by  neglecting  the  lubricatioQ  of 
his  implement,  had  simply  converted  into  another  form 
of  power. 

"We  warm  our  hands  by  rubbing,  and  in  cases 
of  frostbite  we  thus  rc&tore  animation  to  tho  injm^ 
parta.  By  friction  a  lucifer-match  is  raised  to  the  tem- 
perature of  ignition.  In  the  common  Hint  and  st<^l  the 
particles  of  the  metal  struck  off  are  so  much  heated  by 
the  colliidon  that  they  take  fire  and  bum  in  the  air.  But 
the  heat  precedes  the  combustion.  Hooke  proved  this; 
and  Davy  found  that  when  a  gunlock  with  a  flint  wan 
discharged  in  vacuo,  no  spark:*  were  produced,  but  the 
particles  of  steel  struck  off,  when  examined  uuder  the 
microscope,  showed  signs  of  fusion.'  Before  the  safety- 
lamp  was  invented  the  workers  in  our  coal-mines  derired 
their  light  from  showers  of  »parkB,  generated  by  the  friction 

'  Robert  Juliai  Majer,  hitelj  d^vnaod. 
'  Worka  of  Sir  K.  Dftvy.  toL  il  ^,  6. 
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of  flint  againsfc  the  edge  of  a  swiftly  rotating  steel  wheel, 
the  sporkt)  having  been  considered  incouipetent  to  ignite  the 
*  firo-damp/  Aristotle  refers  to  the  heating  of  arrows  by 
the  friction  of  the  air;  and  the  most  probable  theory  of 
Bhooting  stars  is  tliat  they  are  email  planetary  bodies 
revolving  round  the  sun,  which  being  caused  to  swerve 
from  their  orbits  by  the  attraction  of  the  earth,  are  raised 
to  iucandescencB  by  friction  against  our  atmosphere. 
Ohliidni  propounded  this  view  and  Dr.  Joule  has  con- 
firmed it  by  calculation.  He  may,  moreover,  be  correct 
in  believing  that  the  earth  is  spared  bombardment  through 
the  breaking  up  of  our  aerolites  by  heat.'  These  bodies 
move  at  planetary  rates.  The  orbital  velocities  of  the  four 
Interior  planets  are  as  follows : 

MltospvrSMOorl. 
Mercury  ......     30-40 

VonnH  ......     222* 

Knrtti  ......    1891 

Mora  .......    16*32 


while  the  velocity  of  the  aerolites  varies  from  18  to  !16 
miles  a  second.  The  friction  engendered  by  this  enor- 
mous speed  is  no  doubt  competent  to  produce  the  effectfi 
ascribed  to  it. 

Knowing  the  velocity  and  weight  of  any  projectile, 
we  shall  subsequently  learn  how  to  calculate  the  amoimt 
of  beat  developed  by  the  destruction  of  its  motion. 
For  example,  knowing  a.<i  we  do  the  weight  of  the 
earth  and  the  velocity  with  which  it  moves  through 
apace,  a  tdmple  calculation  enables  us  to  state  the  exact 
amount  of  heat  which  would  be  developed,  supposing 
the  earth  to  strike  against  a  target  strong  enough  to 
atop  its  motion.  We  coulr]  tell,  for  example,  the  number 
of  degrees  which  this  amount  of  heat  would  impart  to 
a  globe  of  water  equal  to  the  earth   in   size,      Mayer, 


*  *  PhUowpUieal  MoguiDe,*  4ib  S«riM,  vol.  xmmH.  p.  S4EL 
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UdmhaUz,  and  Tbomaon  hare  made  this  cmlculatioot  and 
Jbooid  that  the  quntitj  of  beat  oorrespoiDdisg  to  this 
wIbiI  shock  would  be  quite  «:«iffieieiit,  not  otAr  to  fuse 
tte entire  earth,  but  to  reduce  it,  in  great  part,  to  rapour. 
Tbu%  fay  the  Bimple  stoppage  of  our  plaz>ct  in  ita 
orbit,  'the  dements'  might  be  caused  'to  melt  with 
ferreat  beat.*  The  amount  of  heat  thus  developed  would 
be  equal  to  that  derived  from  the  combustion  of  fuurt^en 
globei  of  ooal,  each  equal  to  the  earth  in  magnitude.  And 
■A  aft^r  the  stoppage  of  its  orbital  motion,  the  earth  should 
(all  into  the  son,  as  itaasoredlj  would,  the  amount  of  heat 
generated  by  the  blow  would  be  equal  to  that  developed  hj 
the  oombostion  of  5,600  worlds  of  solid  carbon.  Know, 
ledge  such  as  that  which  you  now  possess  has  caused 
philosophers,  in  speculating  on  the  mode  in  which  the 
sun's  power  is  maintained,  to  suppose  solar  heat  and 
light  to  be  caused  by  the  showering  down  of  meteoric 
niflUer  .upon  the  sun^s  surface.  To  this  subject  we  shall 
retom  in  due  time. 

The  life  of  the  human  race  may  be  divided  into  two 
great  periods,  tlie  prehistorio  and  historic.  But  human 
beings  had  done  great  things  before  they  Itomt  to  write 
about  their  doings.  Among  other  things,  tlioy  had  dis- 
covered the  u^  of  Gre,  both  as  a  means  of  wanning 
their  bodies  and  cooking  their  food.  Nobody  can  tell 
how  or  when  iire  was  tirst  introduced.  Lucretius  has 
a  story  which  ascribes  its  or  gin  to  the  rubbing  together 
of  dry  tree  branches ;  but  this  is  not  a  likely  source  of 
ignition.  Forests  are  sometimes  set  ablaze  by  lightning, 
and  thifi  is  a  possible  origin  of  our  domestic  tires. 
Again,  savages  have  everywhere  employed  stone  imple- 
ments, shaping  pieces  of  Qint  with  sharp  edges  for 
knives,  and  with  t»barp  points  for  arrow-heads  and  spears. 
Sparks  were  certainly  thus  produced,  and  such  pparks 
may  have  been  the  ancestors  of  our  fires.     At  the  present 
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hour  the  inhabitants  of  Tierra  del  Fuego  employ  two 
stones,  the  one  a  hard  flinty  pebble,  the  other  a  lump  of 
iron  pyrites.  The  stones  are  before  you,  and  when  they 
are  thua  brought  into  sharp  collision,  heated  particles  are 
struckoff  frum  the  pyrites,  which  combine  with  the  atmo- 
spheric oxygen  and  hang  as  red  sparks  for  a  sensible  inter-  I 
val  in  the  air. 

Friction,  however,  is  the  skilful  savage's  ordinary  re- 
source. Before  you  is  a  slab  of  dry  ouk,  with  grooves 
charred  in  it  by  the  rapid  passage  to  and  fro  of  a  pointed 
stick  of  mahogany.  This  is  what  Mr.  Tylor  calls  '  the 
stick  and  groove  machine.'  It  is  easy  to  produce  smoke 
with  it,  but  it  is  not  easy  bo  produce  fire.  Mr.  Darwin 
tried  his  hand  on  it  at  Tahiti.     'The  fire,'  he  says,  *  was 
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produced  in  a  few  seconds;  but 
to  a  person  who  does  not  un- 
derst&nd  the  art,  it  rtr^juires  the 
greatest  exertion,  as  L  found, 
before  at  last,  to  my  great  pride, 
I  succeeded  in  igniting  the 
dust.*  The  Gaucho  of  the 
Pampas  presses  the  blunt  end  of 
an  elastic  stick  about  eiirhteen 
inches  long  against  his  breast, 
and  the  other  end,  which  is 
pointetl,  into  n  bole  in  a  piece 
of  wood.  Bending  the  stick  by 
the  presstire  of  his  body,  he 
seizes  the  curved  part,  turns  it  rapidly  round,  and  thus  pro- 
duces fire.  In  Australia  and  Tasmania  fire  is  evoked  as 
shown  in  fig.  3  by  the  rapid  twirling  of  a  pointed  stick 
between  the  palms.  In  the  case  of  the  Eaquimaux,  one 
person  presses  the  end  of  a  stick  against  a  piece  of  wood, 
while  a  second,  by  means  of  a  thong,  produces  a  rapid  to- 
and-fro  rotation,  thereby  evoking  fire. 


lOKaLuncii  HKinso  or  aol  « 

of  A  tbwg  kdd  IB  the  bawl,  I  vili  eadeAvoar  to  diov  jvB 
I  ffodaedoa  tfl*  War  pTgwang  by  —mm  of*  pieaa  of 
c^  ft  pis,  r  of  bee^  mnlbenyt  or  floa*  otiMr  «ood« 
into  a  boQov  fcnned  in  m  dab  of  oftk  or  BAbogftiT.  «ad 
rwiriiy  thb  pirn  to  rotate  t^adlv,  in  o  fisv  wontwb  6eum 
and  sttiluig  fiimes  rise  from  the  phee  of  fHctioQ*  Both 
the  rotating  pin  umI  the  hollow  in  which  it  rovolm  ore 
and  so  lapid  i«  this  effect,  that  a  pin  three  or 
hidea  long  it  vholty  leduoed  in  a  few  minutea  U 
charcool  powder.  It  is  sot  easy  to  produce  actnal  ignitioa 
tmett  with  the  woods  hithoto  emplorrd  I  have  fisilrd  to 
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■^fiyiuoe  it.  But  bnishiDg  with  a  feather  a  sDiall  quantity 
of  fulminating  powder  against  the  rototing  pin,  it  tnixot 
with  the  charcoal  powder  and  gently  ignites,  the  wood 
continuing  to  blaze  afterwards  as  long  as  the  rotutioQ 
eootinues. 


^laCOAKlCAL  EEATl^Na   AXD   CHTLLTKO  Of  AIIL      rOftMAnON 
or  CLOUDS. 

One  of  the  most  interesting  iUustmtionii  of  the  develop- 
ment of  heat  by  mechanical  means  is  that  of  the  fire 
syringe.     The  instrument  which  I  here  bring  before  yon 
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consists  of  a  strong  cylinder  of  glass  T  n  (Bg.  5),  accurately 
bored,  and  quite  smooth  within.  Into  it  a  piston  fits  air- 
tight, BO  that  by  diiving  t!ie  pijiton  down,  the  air  under- 
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Death  is  forcibly  comprej^sed ;  and  when  the  air  is  thmi 
compressed,  heat  is  suddenly  generated.  Tinder,  or  dry 
amadou,  may  bo  ignited  by  this  syringe,  but  we  will 
adopt  another  method  of  rendering  the  heat  visible.  I 
wet  a  pellet  of  cotton-wool  with  liquid  bisulphide  of  car- 
l)on,  tlirow  the  bit  of  wet  cotton  into  the  glass  syringe|j 
and  instantly  eject  it.  It  has  left  l>ehind  a  residue  ai 
vapour.  On  compressing  the  air  suddenly,  the  heat  de- 
veloped is  suflfieient  to  ignite  the  vapour,  and  produce  h 
flash  of  light  within  the  syringe.  Placing  the  cotton  again 
in  the  tube,  I  urge  the  piston  downwards  ;  you  see  the  flash 
as  before.  Blowing  away  in  each  case  the  fumed  generated 
by  the  combustion  of  the  vapour  and  permitting  the 
cotton  to  remain  in  the  syringe,  the  experiment  may  be 
repeated  and  the  flash  of  light  obtained  twenty  times  in 
Bucoession. 

In  all  the  cases  hitherto  introduced  to  your  notice,  heat 
has  been  gmeraUA  by  the  expenditure  of  mechanical 
force.  I  wish  now  to  bring  before  you  the  converse 
effect,  and  show  you  the  consumption  of  heat  in  mechanical 
work.  This  strong  iron  vessel  (v,  fig,  6)  is  filled  at  the  pre- 
sent moment  with  compressed  air.  It  has  lain  here  for  some 
hours  BO  that  the  temperature  of  the  air  within  the  vessel 
is  now  the  same  as  that  of  the  air  of  the  room.  At  the 
present  moment  this  inner  air  is  pressing  against  the  sides 
of  the  veeael,  and  if  this  cock  c  be  opened,  a  portion  of 
the  air  will  rush  violently  out.     The  word  'rush,*  how- 
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ever,  but    vaguely  expresses  the  troe  state  of  tlungs; 
the  air  which  usues  is  driven  out  bj  the  air  behind  it ; 
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tbLs  latter  accomplishes  the  work  of  urging  forward  the 
etxeam  of  air.  And  what  will  be  the  condition  of  the 
working  air  during  this  process?  It  will  be  chilled. 
In  fact,  the  only  agent  it  can  call  up<in  to  perform  the 
work  is  the  heat  to  which  its  elastic  force  is  due.  A 
portion  of  this  heat  will  be  consumed,  and  a  lowt'ring 
of  temperature  will  be  the  consequence.  I  turn  the  cock 
and  allow  the  air  from  the  vessel  to  strike  against  the 
foce  of  the  pile  f.  The  needle  instantly  responds ;  its 
red  end  is  driven  towards  me,  thus  declaring  that  the 
pile  has  been  chilled  by  the  current  of  air, 

But  further  instruction  may  be  derived  from  this  form 
of  experiment-  Our  iron  box  is  seven  inches  long,  with  a 
i  section  of  Bve  inches  square.  I  charge  it  with  fifty 
rstrokes  of  a  compressing  syringe.  The  air  within  the  box, 
and  to  some  extent  the  box  itself,  are  now  warm.  On 
turning  the  cock  c  rapidly  quite  round,  a  puff  escapes  which 
sends  the  needle  in  the  direction  of  heat.  This  may  be 
done  three  or  four  times  in  succession.     But  the  heating 
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at  length  ceases,  and  finally  the  needle  moves  in  the  direc- 
tion of  cold.  The  reason  is  plain,  Tbia  last  air  haa  done 
most  work,  and  has  thus  used  up  its  warmth :  hence  its 
power  to  chill  the  pile. 

In  the  cose  ol  a   common   pair  of  bellows   (fi^.   7), 
when  the  boards  are  separated,  the  air  rushes  in.     When 

Fio.  7. 


they  are  pressed  tof^ther,  the  air  rushes  out.  The  ex- 
pelled air,  slightly  wanned  by  compression,  immediately 
striking  the  face  of  the  pile,  produces  tlie  deflection  due 
fo  heat.  But  if  the  nozzle  bo  so  far  withdrawn  aa  to 
leave  the  compressed  air  time  to  expand,  a  chilling  instead 
of  a  warming  of  the  pile  is  the  consequence. 

One  important  efTect  connected  with  this  chilling  of 
air  by  its  own  rarefaction  is  now  to  be  noted.  On  the  plate 
of  the  air-pump  is  placed  a  lai^e  glass  receiver,  filled  with 
the  air  of  this  room.  This  air,  and,  indeed,  all  air,  unless 
it  be  dried  artificially,  contains  a  qimntity  of  aqueous 
vapour,  which,  as  vapour,  is  perfectly  invisible.  A  certain 
temperature  is  requisite  to  maintain  the  vapour  in  this 
invisible  state  ;  and  if  the  air  be  chilled  so  as  to  bring  it 
lielow  this  temperature,  the  vapour  will  instantly  condense. 
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and  fono  a  vi&ible  cloud.  Such  a  cloud,  which  you  will 
remember  is  not  vapour,  but  liquid  water  in  a  ftatc  of 
6De  division,  will  form  within  this  glass  vessel  R  (Bg.  8), 
when  the  air  is  pumped  out  of  it ;  and  to  make  the  efH^ct 
risible  to  those  right  and  left  of  me,  as  well  as  to  those  in 
front,  eight  little  gas  jets  are  arranged  in  a  semicirfle 
which  half  mrroundii  the  receiver.  M'  hen  t  he  cloud 
forms,  the  dimnesi  wliich  it  produces  will  at  once  declare 
it«  presence.  A  very  few  strokes  of  the  pump  suffice  to 
precipitate  the  vapour.     It  spreads  throughout  the  entire 
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receiver,  and  many  of  you  see  a  colouring  of  the  cloud, 
as  the  light  shines  through  it,  similar  to  that  observed 
Bometimes,  on  a  large  scale,  around  the  moon.  When 
the  air  is  allowed  to  re-enter  the  vessel,  it  is  heated; 
tile  cloud  melts  away,  and  the  perfect  transparency  of  the 
air  within  the  receiver  is  restored.  Pour  hulf  the  wine 
from  a  freshly  opened  bottle  of  champagne ;  rccork  the 
bottle,  and  permit  it  to  rest  till  the  prcssiu-e  of  the 
ttrboaio  acid   is  restored.     On  suddenly  reopening  the 
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bottle  the  expansion  of  the  gnB  producer  a  dense  aqueouii 
doud  in  the  previously  clear  space  above  the  liquid. 

Clouds  may  lie  produced  by  the  precipitation  of  varioua 
vapours  other  than  that  of  water.  To  prove  this  in  your 
presence,  it  is  only  necessary  to  exhaust  a  glass  tube  three 
feet  long  and  three  inches  wide,  and  to  refill  it  with  air 
which  has  l>een  permitted  to  bubble  through  the  liquid 
whose  vapour  is  to  1>e  experimented  on.  By  means  of  a 
stopcock  the  filled  tube  may  be  suddenly  connected  with 
the  exhausted  cylinder  of  an  air-pump.  The  air  is  driven 
into  tlie  cylinder,  the  tube  which  contains  the  working  air 
becoming  immediately  filled  with  a  cloud  through  the 
precipitation  of  the  chilled  vapour.  The  whole  arrange- 
ment is  shown  in  fig.  9,  where  L  represents  an  electrie 
lamp  which  sends  a  condensed  luminous  beam  into  the 
glass  tube  ss',  which  is  about  three  iuches  wide,  r  is  a 
flask  containing  the  liquid  through  which  the  air  poiises, 
entering  the  flask  by  the  tube  a,  and  escaping,  vapour- 
laden,  by  the  tube  6  into  the  larger  tube  6  s'.  The  open 
end  of  the  tul>e  a  is  stopped  with  a  plug  of  cotton-wool 
c  to  hold  back  the  floating  dust  of  the  air. 

The  tube  ss'  is  first  exhausted  by  an  air-pump 
connected  with  the  pipe  7>p'.  The  cock  p  being  shut, 
the  tube  8  s'  is  filled  with  viipour-laden  air.  The  stop- 
cock to  the  right  is  then  turned  off,  and  the  cylinders 
of  the  air-pump  are  eiihaustcd.  On  opening  the  cock  p 
the  sir  niahes  into  the  cylinders,  the  precipitation  of  a 
cloud  in  the  tube  being  the  immediate  consequence.  Al- 
lowing the  cloud  to  melt  away,  and  shutting  off  the  residue 
of  air  and  vapour  after  each  precipitation,  it  is  possible 
by  exhausting  the  cylinders,  and  repeating  the  process,  to 
obtain,  with  some  substances,  fifteen  or  twenty  clouds  in 
succession  from  a  single  charge  of  vapour-laden  air. 

The  cloudb  thus  precipitated  differ  from  each  other  in 
luminom  energy,  some  shedding  a  mild  white  light,  while 
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I  others  flash  forth  with  surprising  suddenness  and  bril- 
liancy. This  is  due  to  the  fact,  that  the  liquids  from 
which   the  clouds  arc  formed  differ  in  their  powfirs  of 


refraction  and  reflection.  Different  clouds,  moreover,  pos- 
sess very  different  degrees  of  stability  ;  some  melt  rapidly 
away,  while  others  linger  for  minutes  in  the  tube,  renting 
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finally  upon  its  bottom,  and  disappeariup  like  a  dissolvinjf 
heap  of  snow.  Nothing  can  exceed  the  splendour  of  the 
iridescenoes  exhibited  by  many  of  these  clouds. 

Let  «fl  look  a  little  more  closely  at  this  process  of 
cloud  formation.  The  moment  before  precipitation  occurs 
the  whole  mass  of  cooling  air  and  vapour  may  be  regarded 
as  divided  into  a  nnmber  of  email  polyhedra,  each  of  which 
is  snbeequently  applied  to  the  formation  of  a  single  particle 
of  cloud.  It  IB  manifest  that  the  size  of  each  particle 
must  depend  not  only  on  the  size  of  its  vapour  polyhedron, 
but  also  on  the  density  of  the  vapour  as  compared  to  that 
of  its  liquid.  Other  things  being  equal,  if  the  va^ur  be 
light  and  the  liquid  heavy,  the  cloud-particle  will  be  smaller 
than  if  the  vapour  be  heavy  and  the  liquid  light.  Let  us 
compare  in  this  respect  toluol  and  water.  The  specific 
gravity  of  the  former  liquid  ia  0*85,  that  of  water  being  1. 
But  the  specific  gravity  of  toluol  vapoiu"  is  3*26,  that  of 
aqueous  vapour  being  only  0*6.  Here,  therefore,  we  have 
a  light  liquid  with  a  heavy  vapour  to  compare  with  a 
heavier  liqtiid  and  a  light  vapour.  The  consequence  is, 
that  the  cloud  of  toluol  is  far  coarser  than  that  of  water. 
To  the  properties  of  water  and  its  vapour  here  referred  to, 
the  soft  and  tender  beauty  of  the  clouds  of  our  atmosphere 
is  probably  in  great  part  to  be  a^^cribed. 

Sir  Humphry  Davy  refers  in  his  'Chemical  Philosophy  ' 
to  a  machine  at  Schemnitz,  in  Hungary,  in  which  air  was  { 
compressed  by  a  column  of  water  260  feet  in  height. 
When  a  stopcock  was  opened  so  as  to  allow  the  air  to 
escape,  a  degree  of  cold  was  produced  which  not  only 
precipitated  the  aqueous  vapour  diffused  in  the  air,  but 
caused  it  to  congeal  in  a  shower  of  snow,  while  the  pipe 
from  which  the  air  issued  became  bearded  with  icicles. 
'Dr.   Darwin,''   writes  Davy,  *  has  ingeniously  explained 


QnutdfaUier  of  Mr.  Charlm  Duvin. 


iMcr.  t. 


THE  XnERMO-ELECTRlC    PIU-:. 


21 


the  production  of  snow  oa  the  tops  of  the  highest  motm- 
taius,  by  the  precipitatioD  of  vapour  from  the  rarefied  air 
which  aaceuds  from  plaios  aod  valleys.  The  Andes,  placed 
almost  under  the  line,  rise  in  the  midst  of  burning  sands ; 
about  the  middle  height  is  a  pleasant  and  mild  climate ; 
the  summits  are  covered  with  unchanging  snows.* 


SOPnCB   OF   POWER    I»   TUB   TIIEnMO-ELBCTRIC   PILB, 

And  DOW  if  you  grant  me  your  patience,  we  will  investi- 
gate a  subtler  esample  of  the  transformation  and  restitu- 
tion of  heat  than  any  hitlierto  brought  before  you,  which 
will  open  up  to  us,  moreover,  the  philosophy  of  the  thermo- 
electric pile.  A  few  words  on  the  construction  of  the 
instrument  will  be  useful  at  the  outset. 

Let  A  B(tig.  10)  be  a  bar  of  antimony,  and  b  c  a  b&r  of 
bl<imuth,  and  let  both  bars  be  soldered  together  at  B.    Let 
the  free  ends  a  and  c  be  united  by  a  piece         Fm.  lo. 
of  wire,  a   p  c.      On    warming  the   place 
of  junction,     b,    an     electric    current    is 
generated,  the  direction  of  which  is  from 
bismuth  to  autimony,  across  the  junction, 
and  from  antimony  to  biitrauth,  tlurough  the 
connecting  wire,  a  d  c.     The  arrows  indicate 
the  direction  of  the  current. 

If  the  junction  b  be  ch'dUd^  a  current 
is  generated  opposed  in  direction  to  the 
former.  The  figure  represents  what  is 
called  a  thermo-electric  pair  or  couple. 

By  the  union  of  several  thermo-electric  pairs  a  more 
powerful  current  can  be  generated  than  could  be  ob- 
tained from  a  srngle  pair.  Fig.  11,  for  example,  repre- 
•ents  such  an  arrangement,  in  which  the  shaded  bars 
are  suppose  1  to  be  bismuth,  and  the  unshaded  ones 
antimony ;  on  waxming  all   the  junctions,  B,  a,  &c.,  a 
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current  is  gonerat^xl  at  each,  and  the  sum  of  theae 
currenta,  which  all  flow  in  the  same  direction,  will  produce 
u  stronger  resultant  current  than  that  obtained  iroxa  a 
B  ingle  pair. 

Fio.  11. 
A  A  A  A 
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The  V  formed  by  each  pair  nec<l  not  be  so  wide  as  it  ia 
shown  In  6g.  11  ;  it  maj  be  contracted  without  prejudice 
Fio  12.  ^  the  couple.     And  if  it  is  detdred  to 

pack  several  pairs  into  a  E-mail  compass, 
each  separate  couple  may  be  arranged 
as  in  fig.  12,  where  the  black  lines  repre- 
sent small  bismuth  bars,  and  the  white  ones  t<m&U  bars  of 
antimony.  TJiey  are  soldered  together  at  the  ends,  and 
throughout  their  length  are  usually 
separat'Cd,  not  by  the  wide  spaces 
showu  in  fig.  12,  but  by  strips  of 
paper  merely.  A  collection  of  pairs 
thus  compactly  set  tc^ether  con- 
stitutes a  thermo-pile,  a  drawing  of 
which  is  given  in  fig.  13. 
The  current  produced  by  heat  being  always  from 
bismuth  to  antimony,  across  the  heated  junction,  a  momenl^s 
inspection  of  fig.  1 1  will  show  that  when  any  one  of  the 
junctions,  a,  a,  is  heati^l,  a  current  is  generated  opposed 
in  direction  to  that  generated  when  the  heat  is  applied  to 
the  junctions  b,  b.  Hence  in  the  case  of  the  thermo-pile, 
the  effect  of  heat  filing  upon  its  two  opposite  &ces  is 
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CO  produce  currents  in  opposite  directions.  If  the  tem- 
perature of  the  two  faces  be  alike,  they  neutralise  each 
other,  no  matter  how  highly  th^  may  be  heated  ab- 
solutely ;  but  if  one  of  them  be  wanner  than  the  other,  a 
current  is  produced.  The  currcDt  is  thus  due  to  a  difference 
of  temperature  between  the  two  foces  of  the  pile,  and 
within  certain  limits  the  strength  of  the  current  is  exactly 
proportional  to  this  difierence. 

Let  us  now  consider  the  observed  performance  of  this 
Little  instrument.  When  the  face  of  the  pile  was  hefited,  our 
heavy  needle  started  briskly  aside*  reached  a  deflection  of 
90%  struck  against  its  stops,  the  visible  motion  then  de- 
stroyed being  converted  into  heat.  Had  a  thermometer  of 
sufficient  delicacy  been  brought  into  contact  with  the  needle 
and  the  stop,  both  would  have  been  found  warmed  by  the 
concussion.  Those  that  were  near  enough  may  have 
heard  the  tap  of  the  needle  against  the  mica,  the  power  of 
that  subtle  something  which  I  have  called  an  electric 
current  being  thus,  in  part,  converted  into  sound.  By  the 
mutual  friction  of  the  particles  among  which  it  passed  the 
tiny  fiound-pulde  was  rapidly  converted  into  heat.  The 
further  oscillations  of  the  needle  were  soon  exhausted  by 
the  friction  of  the  air  and  of  the  suspending  6bre,  this 
friction  also  producing  its  own  modicum  of  heut*  If, 
finally,  we  had  examined  the  wire  of  the  galvanometer  we 
should  have  found  it  also  warm.  In  short,  both  the 
electric  current  it^lf  and  all  the  mechanical  motions  it 
produces  take  ultimately  the  form  of  heat. 

Now  the  chief  burthen  of  these  lectures  is  to  show  that 
to  do  work  we  must  expend  power  ;  the  [wwer  so  expended 
being  the  exact  equivalent  of  the  work  done.  What  then 
is  the  source  of  the  power  which  can  thus  directly,  by  its 
own  action,  or  indirectly,  by  mechanical  motion  and 
sound,  generate  heat  ?  You  doubtless  would  be  disposed, 
and  rightly  disposed,  to  seek  the  origin  of  this  distant 
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manifestation  of  power  in  the  heat  originally  communi- 
cateU  to  the  pile.  But  how  does  it  act?  Neither  you 
nor  I  cou  completely  answer  this  question,  for  nobody  fully 
knows  what  occurs  at  the  warmed  face  of  the  pile.  Our 
knowledge,  however,  enables  us  to  see  that  we  have  here 
no  infraction  of  the  principle,  that  to  produce  the  motion 
of  the  needle,  the  ttound  of  ita  concussion,  and  the  wannth 
of  the  coil,  an  equivalent  amount  of  power  has  been  ex- 
pended at  the  proper  place. 

Thermo-electricity  was  discovered  in  1826  by  Thomas 
Seebeck  of  Berlin,  The  first  thermo-pile  was  made  by 
the  celebrated  Italian  Nobili,  and  in  the  hands  of  his 
equally  celebrated  countryman  Melloni  it  became  an 
instrument  so  important  as  to  supersede  all  othera  in 
researches  on  Itndiant  Heat.  To  this  purpose  it  will  be 
applied  in  future  lectures ;  our  present  object  is  to 
ascertain  the  source  of  itt*  power.  Here  an  observation 
made  by  Peltier  in  1834  comes  to  our  aid.  Soldering  the 
end  of  a  bar  of  bismuth  to  the  end  of  a  bar  of  antimony, 
and  connecting  the  other  two  ends  with  a  weak  voltaic 
battery,  Peltier  sent  feeble  currents,  first  from  antimony  to 
bismuth,  and  then  from  bismuth  to  antimony,  across  the 
soldered  junction.  In  the  first  case  he  found  the  junction 
always  warmed,  and  in  the  second  case  always  chilled  by 
the  current.  An  actual  consumption  of  heat  was  thus 
shown  to  take  place,  when  a  voltaic  current  of  suflBciently 
low  intensity  was  sent  from  bismuth  to  antimony  across  a 
junction  of  the  two  metals. 

I  wish  now  to  prove  to  you  by  actual  experiment 
that  heat  and  cold  are  produced  in  accordance  with  the 
statement  of  Peltier.  This  glass  bulb  (fig.  14)  haa  three 
tiibulures,  through  two  of  which  paKS  air-tight  the  bar  of 
bismuth  b  and  the  bar  of  antimony  a,  both  bars  being 
soldered  together  at  J.  A  narrow  glass  tube  passes  air- 
tight through  a  cork  stopping  the  third  tubulure.     A  little 
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above  the  cork  the  tube  is  bent  at  a  rij^bt  angle,  and  in  iU 
horizontal  portiou  rests  a  abort  culumn  of  coloured  liquid 
I,  which  is  bo  sene  as  our  index.  Placing  this  portion  of 
the  narrow  tube  in  the  beam  of  an  electric  lamp,  a 
ma^iiticd  itoiigeof  the  index  and  the  adjacent  tulnj  is  cast 
upon  a  screen.  Through  the  wires  connected  with  a  and 
B  we  now  send  a  current  from  a  single  voltaic  celt,  causing 
it  Erst  to  pa.'%8  from  antimony  to  bismuth  across  the  junc- 
tion at  J.  The  index  i  immcdiutelj  moves  towards  the  open 
end  of  the  narrow  tube,  proving  the  air  within  the  globe 
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to  be  expanded,  or,  in  other  words,  beat  to  be  developed  by 
the  passage  of  the  current. 

We  now  suddenly  reverse  the  latter,  causing  it  to  flow 
firom  bismuth  to  antimony  across  the  junction.  The  index 
I  not  only  returns  to  its  first  position,  but  passes  liejond  it 
towards  the  angle  formed  by  the  tube.  This  retrocession 
of  the  index  is  due  to  the  contraction  of  the  air  or,  in 
other  words,  to  the  lowering  of  the  temperature  within 
the  bulb.     The  experiment  may  be  repeated  any  number 
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of  times ;  always  when  tbe  current  passes  from  A  to 
have  cxpandon  due  to  heat,  and  always  when  i' 
from  B  to  A  we  have  contraction  due  to  cold,  of  the  air 
within  tbtj  globe.  The  result  enunciated  by  Peltier  ifl 
thus  made  evident  to  you  all. 

Instead  of  a  voltaic  current,  the  thermo-electric  current 
itself  may  be  thus  employed.  Before  me  arc  two  thcrmo- 
piI(*B,  80  connected  together  that  the  current  prodviced  by 
warming  the  face  of  one  of  them  can  be  sent  through  the 
other.  We  will  allow  the  current  to  flow  for  a  minute  or 
KO  through  tbe  second  pile.  Creaking  the  connexion 
between  the  two  piles,  and  connecting  the  second  one  with 
a  delicate  reflecting  galvanometer,  there  is  a  prompt 
deflection  of  the  luminous  index  from  right  to  left. 
Breaking  the  connexion  with  the  galvanometer,  and 
restoring  that  between  the  piles,  by  crosaing  the  wires  we 
send  a  current  througli  the  second  one  in  a  reverse  direc- 
tion. Connecting  this  latter  again  with  the  galvanometert 
a  prompt  deflection  from  left  to  right  is  the  consequence, 
Tbe  changes  of  temperature  at  the  two  faces  of  the  second 
pile,  produced  by  the  current  sent  through  it.  from  the  first, 
are  always  in  accordance  with  tbe  law  of  Peltier. 

We  have  thus  fai*  operated  on  the  soldered  bismuth 
and  antimony  by  an  extraneous  current,  and  have  now  to 
converge  our  attention  on  that  of  the  single  thermo-pile 
with  which  oiu-  lirst  exporimenta  were  niado.  When  the  face 
of  tbe  in.-trument  is  warmed,  wliat,  in  relation  to  its  two 
metjiU,  in  the  direction  of  the  current  produced  ?  It  is 
iovariubly  from  bismuth  to  antimony  across  the  junction; 
and  the  etlect  of  this  current,  at  thu  junction,  is  the  same 
aa  that  observed  by  Peltier.  There  is  in  both  cases  a 
consumption  of  heat. 

There  in,  however,  a  production  of  heat  at  the  opposite 
face  of  the  pile,  where  the  current  passes  from  antimony 
to  bismuth.     But  the  heat  there  generated  is  less  than 
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that  ooQsumed  at  the  other  junction.  It  ia  Uiis  exceBS  of 
consumed  heat  thnt  has  been  tranftmutcd  into  the  electric 
current  that  moved  the  needle^  that  tapped  the  mica,  and 
that  warmed  the  galvanometer  coil.  To  use  Mayer's  simile, 
the  whole  process  miglit  )m  compared  to  one  of  distillation, 
where  water  after  its  conversion  into  steam  posses  from  a 
boiler  to  a  distant  condenser,  and  reassmncs  there  its  primi- 
tive liquid  form.  Tlie  heat  communicated  to  our  pile  may  be 
figiu-ed  as  distilling  into  the  subtler  electric  current,  which 
latter  is,  as  it  were,  recondcnsed  to  heat  at  a  distance  from 
its  source.  And,  as  ia  the  case  of  real  distillation,  the 
liquid  irithdrawn  as  vapour  from  the  boiler  is  found,  as 
liquid,  without  loss  in  the  condenser,  so  the  heat  consumed 
by  our  current  at  the  warm  face  of  the  thermo-pile,  i» 
found  undiminished,  as  heat,  in  the  other  portions  of  the 
circuit.' 

'  Foltier's  roauU,  wbich  was  reprodaced  ia  k  otriking  manner  bj  Leoz, 
»  »Kil/ii4<l  in  5  rnriot;  of  forms  in  a  brivf  pnpor  in  tJ)«  '  JPhilonphioat 
Mftt^JLune,'  1862,  Tot.  tr.  p.  iig. 
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APPENDIX  TO   LECTURE  I, 


NOTE  ON  THE  CONSTRUCTION  OF  THE  GALVANOMETER. 
The  existonce  and  direction  of  an  olectrio  carrent  are  shovn 
by  it«  action  upon  a  freely  suspendud  magnetic  needle. 

Bat  Buch  a  needle  is  held  in  the  magnetic  meridian  by  ilie 
magnetic  force  of  the  earth.  Hence,  to  move  a  single  ucedle, 
the  carrent  muBt  overcome  the  magnetic  force  of  the  eartli. 

Very  feeble  carrenta  are  incompetent  to  do  this  in  a  snffi- 
cnently  sensible  degree.  The  following  two  expedients  are, 
therefore,  combined  to  nngment  the  action  of  snch  fcoblo 
carrcnts  t 

The  wire  throngh  which  the  cnrrent  flows  is  coiled,  so  as  to 
surroaud  the  needle  several  times ;  the  needle  mast  swing 
frocly  within  the  coil.  The  action  of  the  single  correntia  that 
roulti  plied. 

Tiie  second  device  is  to  neatralise  the  directive  force  of  the 
earth,  withoat  prejndice  to  the  magnetism  of  the  needle.    Thin 

is   accomplished  by  using   two 
needles  instead  of  one,    attach* 
ing  them  to  a  common  vertical 
stem,  and  bringing  their  oppo- 
site pulas  over  each   other,   the 
n     north  end  of  the  one  neudlo  and 
the  soutii  end  of  the  other  being 
thos  turned  in  the  same  direc- 
_!.     tion.     Tlie  double  needle  is  re- 
presented in  6g.  15. 
It  most  be  so  arranged  that  one  of  the  needles  shall  be 
within  tlie   coil  through  which  the  carrent  flows,  while  the 
other  needle  swings  frt-elj'  above  the  coil,  the  rerticHl  conucot- 
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poasing  through  a  slit  in  tbe  coil.  Were  both  tlie 
within  the  coil,  the  same  current  would  urge  them  in 
opposite  directions,  and  thna  one  needle  would  neutralise  the 
other.  Bat  when  one  is  within  and  the  other  withoat,  the 
cniTcnt  argcs  both  needles  in  the  fiame  direction. 

The  way  to  prepare  such  a  pair  of  ncedtea  is  thin.  Hag< 
netise  both  of  them  to  saturation:  then  Knitpi'ud  ihein  in  a 
Tesael,  or  under  a  sliadc,  to  prcitoct  thora  from  air-cai- 
rents.  The  system  wilt  probably  avi  in  the  magnetic  raeridian, 
one  needle  being  in  almost  all  ca^^es  stronger  than  the  other; 
weaken  the  stronger  needle  carefully  by  the  touch  of  a  second 
smaller  magnet.  When  the  needles  are  pretnscly  equal  in 
strength,  they  will  set  at  right  ongh^s  to  iha  magnetic  meridian. 

It  might  be  supposed  that  when  the  needlDs  arc  equal  in 
strength)  the  directive  force  of  the  earth  would  bo  completely 
annulled,  that  the  double  needle  woald  be  perfectly  oir/uKc, 
and  perfectly  neutral  aa  regards  direction  ;  obeying  simply 
the  torsion  of  its  suspending  fibre.  This  wonld  be  the  case 
if  the  magnetic  axes  of  both  needles  could  bo  caused  to  Ho 
with  mathematical  accuracy  in  the  same  vertical  plane.  In 
practice  this  is  impossible', 
the  axes  always  cross  each 
other.  Let  n  »,  nV  (fig.  Ifi) 
represent  the  axes  of  two 
neodlca  thus  crossiog,  the 
magnetio  meridian  being 
parallel  to  M  E ;  let  the  pole  n 
be  drawn  by  the  earth's  at- 
tn^tiTe  force  in  the  direction 
n  m ;  the  polo  «'  being  urged 
by  (he  repulsion  of  the  earth 
in  ft  precisely  opposite  di- 
nxrlinn.  When  the  poles  n 
and  /  are  of  exactly  equal 
■tTvngtb  it  is  manifest  that 
tlie  force  acting  on  the  pole  i/,  in  the  case  here  snpposed,  wonld 
have  the  advantage  as  regards  leverage,  and  that  it  wonld 
therefore  overcome  the  force  acting  on  n.  The  croaaod 
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needles  would  tlierefore  tarn  avrny  still  farther  from  lite  mag- 
netic moridian,  and  a  little  reflection  will  show  that  they  can- 
not come  to  rest  antil  the  line  which  bisects  the  an^le  inclosed 
by  the  needles  is  at  right  angles  to  the  mi^ietic  meridian. 

This  is  the  test  of  perfect  eqaalitj  hs  regards  the  magnet- 
ism of  the  needles;  hnt  in  bringing  them  to  this  6tat«  of 
perfection  we  hare  often  to  pass  thmugh  various  stages  of 
obliquity  to  the  magnetic  meridian.  In  these  CBsee>  the  supe- 
rior strength  of  one  needle  is  compensated  by  an  advantage, 
aa  reganU  lorerago,  possessed  by  the  other.  By  a  happy 
cident  a  single  touch  is  sometimes  snflicient  to  make  the 
beedlcs  perfectly  equal ;  but  many  hours  are  often  expended  in 
securing  this  resnlt.  It  is  only,  of  course,  in  very  delicikte 
experiments  that  this  perfect  equality  is  needed;  bnt  in  snch 
experiments  it  is  essential. 

Another  grave  difficulty  baa  beset  experimenters,  even 
after  the  perfect  magnetisation  of  their  needles  has  been  ae- 
complished,  Such  needles  are  sensitive  to  the  slightest  mag- 
netic action,  and  the  covered  copper  wire,  of  which  the  gal- 
vanometfr  coils  are  fonned,  n»na11y  contains  a  trace  of  iron 
sufficient  to  deflect  the  prepared  needle  from  its  trne  position. 
I  have  had  coils  in  which  this  deflection  amounted  to  thirty 
degrees  ;  and  in  the  splendid  instruments  used  by  Professor 
Du  Bois-Baymond,  in  his  researches  on  animal  electricity, 
the  deflection  by  the  coil  is  sometimes  oven  gre.Tter  than 
this.  McUoni  encountered  this  difficulty,  and  proposed  that 
the  wires  should  be  drawn  through  agate  boles,  thus  avoiding 
all  contact  with  iron  or  steel.  The  distnrbance  has  always 
been  ascribed  to  n  trace  of  iron  contained  in  the  copper  wire. 
Pure  silver  has  ah^o  born  proposed  instead  nf  copper. 

To  pursue  hii*  Ix^auiifnl  thermo-electric  researches  in  a 
satisfactory  manner,  Professor  Magnns,  of  Berlin,  obtained 
pure  copper  by  a  most  Uborions  electrolytic  process,  and  after 
the  metal  had  been  obtained  it  required  to  be  melti-d  eight 
times  in  successiuu  before  it  could  be  dr-awn  into  wire.  In 
fact,  the  impurity  of  the  coil  entirely  vitiated  the  accuracy  of 
the  instramcuts,  and  almost  any  amount  of  labour  would  be 
well  expende<l  in  removing  this  great  defect. 
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Mjr  own  experienco  of  this  sabject  is  instruotire.  1  IiaU 
n  bcantifal  inRtminent  ronstructed  for  me  &  fow  years  ago  by 
Saaerwald  of  Berlin,  the  coil  of  which,  when  do  current 
flowed  Uiron}7h  it,  deflected  my  double  needle  fully  tbirty  dc- 

eA  from  the  sero  line.     It  was  impossible  to  attain  quauti- 

,ve  accuracy  with  tbis  instrnment. 

I  had  the  wire  pcmoved  by  Mr.  Becker,  and  English  wire 
Qftcd  in  its  stead  ;  the  deflection  fell  to  three  degrees. 

This  was  a  great  improvement,  but  not  snfficieut  for  mj 
parpoBi?.  i  mado  rarions  inquiries  abunt  the  possibility  ol 
obtaining  pure  copper,  but  the  result  was  very  discouraging. 
When  almost  despairing,  the  following  thonght  occnrred  to 
me  :  The  action  of  the  coil  must  be  dae  to  the  admixture  of 
iron  with  the  copper,  for  pure  copper  iBdiamngnctic,  and  there- 
fore feebly  repelled  by  a  strong  magnet.  The  magnet  therefore 
occurred  to  me  as  a  means  of  instant  analysis;  I  oonid  tell 
by  it,  iu  a  moment,  whether  my  wire  was  free  from  magnetio 
nietAl  or  not. 

The  wire  of  M.  Sanerwa1d*8  coil  waa  strongly  attracted  by 
the  magnet.  The  wire  of  Mr.  Docker's  coil  was  also  attracted, 
though  in  a  ranch  feebler  degree. 

Bdlli  wires  were  covered  with  green  silk:  T  removed  this, 
but  tbo  Berlin  wire  waa  still  attracted  ;  tlic  English  wire,  oq 
the  contrary,  when  presented  najced  to  the  magnet  was  feebly 
repelU'l ;  it  was  truly  diamagnetic,  and  contained  no  sensible 
trace  of  iron.  Thus  the  annoyance  was  6xfd  upon  the  green 
silk  ;  some  iron  compound  had  been  used  in  the  dyeing  of  it, 
and  to  this  the  deviation  of  the  needle  waa  manifestly  due. 

I  had  iho  green  coating  removed  and  the  wire  ovcrspnn 
witb  white  silk,  clean  liands  being  used  in  the  process.  A 
perfect  galvanometer  is  the  result;  the  needle,  when  released 
fiom  the  action  of  the  cnrrcnt,  returns  accurately  to  zero,  and 
is  perfectly  free  from  all  roagnetio  action  on  the  part  of  the 
coil,  lu  fact,  while  wo  have  been  devising  ngato  plates  and 
other  hamed  methods  to  get  rid  of  the  nuisance  of  a  magnetic 
coil,  the  means  of  doing  so  arc  at  hand.  Lot  the  copper  wire 
be  ^ielected  by  the  magnet,  and  no  difficulty  will  be  experi- 
enced in  obtaining  specimens  magnetically  pure. 
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evelnpment  of  heat  by  Tneclianical  action  waa 
illuBtrated  by  suilablo  experiments  when  we  last 
iLSscmbled  here.  But  experimental  facts  alone  cannot 
satisfy  the  mind  :  we  de«re  to  know  the  canee  of  the 
feet ;  we  search  after  the  principle  by  the  operation  of 
which  the  phenomena  are  produced.  Why  slionld  heat  be 
generated  by  mechanical  action,  and  what  Ls  the  real 
nature  of  the  agent  thus  generated  ?  History  shows  us 
two  different  philosophical  schools  trying  to  account  fur 
natural  phenomena ;  the  one  resorting  to  speculation, 
the  other  to  observation  aud  experiment.  The  two 
schools,  however,  were  not  mutually  exclusive,  for  the 
former  required  at  least  some  of  the  data  of  observation 
to  build  upon,  while  the  latter  invoked  the  aid  of  specula- 
tion when  the  cement  of  principles  was  re(]uired  to  unite 
observed  facts-  In  our  day  the  school  which  emphasises 
experience  has  gained  the  upper  hand.  It  is  a  common 
statement,  indeed,  that  in  investigating  nature  we  cannot 
transcend  experience,  and  properly  qualified,  the  state- 
ment is  true.  Our  conceptions  of  natural  plienomena  aud 
their  causes  arc  founded  on,  but  they  are  not  bounded  by, 
sensible  experience.     The  eternally-falling  atoms  of  Epi 
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ciirus  and  Lucretius,  for  example,  were  derivpd  from  tLe 
obt^ervation  of  small  particles  of  matter;  but  in  trans- 
formiDg  such  particles,  by  a  mental  act,  into  atoms,  the 
ancient  pliilosophers  broke  ground  in  an  ideal  region.  The 
notion  of  falling  indicates  the  manner  in  which  the  ancient 
mind  was  conditioned  by  experience;  for  in  those  days 
while  the  action  of  gravity  was  known,  the  action  of 
molecular  force,  capable  of  attracting  and  arranging  the 
atoms,  was  unknown.  The  case  is  representative,  the 
visible  world  being  converted  by  science  into  the  symbol 
of  an  invisible  one.  We  can  have  no  explanation  of  the 
objects  of  experience,  without  invoking  the  aid  and 
ministry  of  objects  which  lie  beyond  the  pale  of  experience. 
We  can  only  reach  the  roots  of  natural  phenomena  by 
lading  down,  intellectually,  a  subaensible  soil  out  of  which 
each  phenomena  spring. 


HISTORIC   NOTtCES. 

ThiR  tendency  to  explain  the  seen  by  reference  to  the 
dnseen  is  continually  manifested  in  the  efforts  of  curioua 
and  penetrative  minds  to  obtain  a  notion  of  the  nature  of 
>{eat.  They  had  constant  recourse  to  the  scientific  imagi- 
nation. Heat  atoms  and  fire  atoms  were  pictured  as 
driving  fiercely  into  the  pores  of  bodies,  loosening  their 
molecules  and  fcihaking  them  asunder — thus  reducing  solids 
L<o  liquids,  and  liquids  to  vnpours.  The  notion  that  heat 
as  a  kind  of  motion  w;is  vaguely  entertained  by  Pinto,  who 
makes  Socrates  say:  'For  heat  and  fire  which  generate 
and  sustain  other  things,  are  themsL-lves  begotten  by  im- 
pact and  friction :  but  this  is  motion.  Are  not  these  the 
origin  of  fire  ?  *  The  same  thought  was  clearly  form- 
ulated by  Bacon,  who  defined  heat  to  be  *  a  motion  acting 
in  its  strife  upon  the  smaller  particles  of  bodies.'  His 
lUustraLioos  of  this   motion   were   not,  however,  always 
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happy  ooes.  Descartes,  and  others  in  bia  day,  had  a 
clear  conception  that  the  sensation  of  heat  arose  from  a 
kind  of  motion  communicated  to  the  nerves ;  and  some  of 
these  early  wricers  were  al^  clear  as  to  the  fact  that  the 
Bcneation  was  derived  from  the  molecular  motion  of  the 
warm  body.  They,  however,  for  the  most  part  assumed 
a  special  i^pieons  matter,  which  produced  the  molecular 
motion.  The  illustrious  RoVtert  Boyle»  for  example,  af- 
firmed heat  to  be  molecular  motion,  but  to  account  for 
fire  he  assumed  a  special  igneous  matter.  Euler  and 
Newton  curiously  changed  places  with  regard  to  their 
respective  notions  of  light  and  heat.  Kuler  was  one  of 
the  most  ardent  defenders  of  the  Undidatory  Theory, 
which  ascribes  light  to  vibratory  motion;  but  he  rei^rded 
heat  as  a  kind  of  matter.  Newton  supported  the  Emission 
Theory,  which  assumed  light  to  he  a  kind  of  matter,  while 
he  considered  heat  to  be  vibratory  motion.  Hobbes,  it 
may  be  added,  was  very  distinct  in  his  affirmation  that 
heat  is  motion ;  and  with  regard  to  solar  heat  he  avows 
hid  disl}elief  that  anything  material  is  emitted  by  the 
sun. 

Rol»ert  Boyle  appears  to  have  sepn  as  clearly  as  we  do  ! 
to-day,  that  when  heat  is  generated  by  mechanical  meaoi 
v^w  heai  is  called  into  exifitence.*  In  describing  one  of  his 
experiments,  he  uses  the  following  remarkable  language  3 
'It  will  be  convenient  to  begin  with  an  instance  cr  two  of 
the  production  of  heat,  wherein  there  appears  not  to  inter- 
vene anything  in  the  part  of  the  agent  or  patient  bat 
local  motion,  and  the  natiu^l  effects  of  it.  When,  for 
example,  a  smith  does  h<istily  hammer  a  nail  or  such  like 
piece  of  iron,  the  hammered  metal  will  grow  exceedingly 
hot;  and  yet  there  appears  not  anything  to  make  it  so, 
save  the  forcible  motion  of  the  hammer,  which  impresses 
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a  vehement  and  variously  determined  agitntion  of  the 
small  parts  of  the  iron,  winch,  being  a  cold  body  b<?firre, 
by  tliat  superinduced  commotion  of  its  small  parts,  bo- 
comes  in  divers  senses  hot ;  first,  in  a  more  lax  ncceptat  ton 
of  the  word  in  reference  to  some  other  bodies,  in  respect 
of  whom  it  mm  cold  before,  and  then  sensibly  !iot ;  because 
tbia  newly  gained  agitation  suqMisses  that  of  the  parts  of 
our  fingers.  And  in  this  instance,  it  ia  not  to  be  over- 
bviked,  that  oftentimes  neither  [both  ?]  the  hammer  by 
which,  nor  [and  ?]  the  anvil  on  which  a  cold  piece  of 
iron  is  forged,  continue  cold  after  tlie  operation  is  onded  ; 
which  shows,  that  the  heat  acquired  by  the  forged  piece 
of  iron  was  not  communicated  liy  the  hammer  or  anvil 
as  beat,  but  producwl  in  it  by  motion,  which  was  great 
enough  to  put  so  small  a  body,  as  the  piece  of  iron,  into 
a  strong  and  confused  motion  of  its  partj<,  without  being 
nUe  to  have  the  like  operation  upon  so  much  greater 
masses  of  metal,  as  the  hammer  and  the  anvil.  And 
now  I  am  put  in  mind  of  an  observation,  tliat  seems  to 
contradict^  but  does  indeed  confirm  our  theory :  namely, 
that  if  a  somewhat  largo  nail  be  driven  by  a  hammer 
iato  a  plank,  or  piece  of  wood,  it  vrill  receive  divers 
strokes  on  the  head  before  it  grows  hot;  but  when  it  is 
driven  to  the  head,  so  that  it  can  go  no  farther,  a  few 
strokes  will  suffice  to  give  it  a  considerable  heat ;  for 
whilst  at  every  blow  of  tho  hammer,  the  nail  enters 
farther  and  farther  into  the  wood,  the  motion  that  is 
produced  js  chiefly  progressive,  and  is  of  the  whole  nail 
tmiding  one  way  ;  whereas,  when  that  motion  is  stopped, 
then  the  impulse  given  by  the  stroke,  being  unable  cither 
lo  drive  the  nail  farther  on,  or  destroy  its  entirenesa,  must 
be  spent  in  making  a  various,  vehement  and  intestine 
commotion  of  the  parts  among  themselves,  and  in  such  an 
one  wc  formerly  observed  the  nature  of  heat  to  consist.' 
After  *  the  nimble  hammering  of  iron   by  throe  lusty 
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men,*  acouslomed  to  the  work,  Boylo  found  the  met-il  so 
hot  that  it  could  nob  be  safely  touched.  To  the  wonder 
of  the  byntaoders,  it  was  able  to  ignite  the  sulphur  of 
gunpowder  and  to  caxise  it  to  bum  with  a  blue  Batne. 
He  also  refers  to  tlie  heat  produced  in  cold  iron,  by  a 
rough  file  causing  an  intestine  commotion  of  its  parts. 
Nothing  can  be  clearer  or  more  to  the  point  than  these 
ntterancea  and  illustrations. 

Among  the  philosophers  of  the  seventeenth  century  none, 
however,  possessed  a  greater  power  of  symbolising  the  phe- 
nomena of  heat  than  Robert  Hooke.  His  illustration  of 
the  manner  in  wliich  fluidity  is  produced  by  the  motion  of 
lieat  is  a  fine  example  of  his  penetration.  '  First,*  he  says, 
•what  is  the  cause  of  fluidness?  This  I  conceive  to  bo 
nothing  else  but  a  certain  pulse  or  shake  of  heat ;  for  heat 
being  nothing  else  but  a  very  brisk  and  vehement  agitation 
of  the  parts  of  a  body  (as  I  have  elsewhere  made  prutiabh:), 
the  parts  of  a  b<^dy  are  thereby  made  so  loose  from  one 
another,  that  they  easily  move  any  way,  and  become  flnid. 
That  I  may  explain  this  a  little  by  a  gross  similitude,  let 
i»  suppose  a  dish  of  sand  set  upon  some  body  that  is  very 
much  agitated,  and  shaken  with  some  quick  and  strong 
vibrating  motion,  as  on  a  millstone  tum'd  round  upon  Uie 
under  stone  very  violuutly  wliiUt  it  is  empty ;  or  pn  a 
very  stiff  drum-head,  which  is  vehemently  or  very  nimbly 
beaten  with  the  drumsticks.  By  this  means  the  sand  in 
the  dish,  which  before  lay  like  a  dull  and  unactive  lH)dy, 
l)eeome^  a  perfect  fluid ;  and  ye  can  no  sooner  make  a  hole 
in  it  with  your  finger,  but  it  is  immediately  filled  up 
again,  and  the  upper  surface  of  it  leveird.  Nor  can  you 
bury  a  light  body,  as  a  piece  of  cork  under  it,  but  it  pre- 
sently emerges  or  swims  as  *twere  on  the  top ;  nor  can 
you  lay  a  heavier  on  the  top  of  it,  as  a  piece  of  lead,  hut 
it  is  immediately  buried  ia  sand,  and  (as  'twere)  sinks 
to  the  bottom.    Nor  can  you  make  &  hole  in  the  side  of 
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the  dUh,  but  the  sand  shall  lun  out  of  it  to  a  level.  Not  an 
obvious  property  of  a  fluid  body,  aa  such,  but  this  does 
imitate;  and  all  this  meerly  caused  by  the  vehement 
aj^tatioD  of  the  contetning  vessel ;  for  by  this  means,  each 
sand  Ikeoome^  to  bave  a  vibrative  or  dancing  motiou,  so  an 
no  other  heavier  body  can  rest  on  it,  unless  sustein'd  l)y 
anme  other  on  either  side :  nor  will  it  suGfer  any  body  to 
\ie  beneath  it,  unless  it  be  a  heavier  than  itself.' 

By  this  power  of  making  the  seen  the  symbol  of 
the  nnseen,  Hooko  illuminated  to  a  marvellous  extent 
every  subject  touched  by  his  genius.  He  refers  to 
bis  own  ob«ervatioDS  on  the  shining  sparks  of  Btecl  pro- 
duced by  a  f^uick  and  violent  motion,  proving  tliem 
to  be  perfectly  similar  to  the  sparks  produced  by  heat- 
ing the  8teel  particles  in  a  flame.  Like  Boyle,  he  al^o 
refers  to  the  heating  of  iron  by  filing*  He  comp;ire9  the 
vibrations  of  heat  with  sonorous  vibrations,  and  adds  the 
following  remark :  '  Now  that  the  parts  of  all  Wlies 
though  never  so  solid  do  yet  vibrate,  I  think  we  need  go 
no  farther  for  proof  than  that  all  bodies  have  some  degrees 
of  heat  in  them,  and  that  there  has  not  yet  been  found 
anything  perfectly  cold/ 

These  notions  regarding  the  nature  of  heat  were 
generally  prevalent  among  the  scientific  writers  oF  the 
8evente*'nth  century.  They  were  also  shared  by  philo- 
sophical writers.  In  his  '  Essay  on  the  Human  Under- 
standing,' Locke  frequently  refers  to  heat  as  being  a  kind 
of  motion.  But  the  very  remarkable  utterance  which  of 
late  years  baa  been  most  widely  circulated  is  the  follow- 
ing :  '  Heat,*  says  Locke, '  is  a  very  brisk  agitation  of  the 
insensible  part«  of  the  object,  which  produces  in  us  that 
MDsaiion  from  whence  we  denominate  the  object  hot  ; 
so  what  in  our  sensation  is  heat,  in  the  object  is  nothing 
but  motion.  This  appears  by  the  way  heat  is  produced  ; 
for  we  see  that  the  rubbing  of  a  bra»s  nail  upon  a  board 
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will  malie  it  very  hot ;  and  the  axle-treea  of  cartd  and 
coaches  are  often  hot,  and  sometimefi  to  a  degree,  that  it 
sots  them  on  firo,  hy  the  rubbing  of  the  naves  of  the  wheels 
upon  them.  On  the  other  side,  the  utmost  degree  of  cold 
IB  the  cessation  of  that  motion  of  the  insensible  particles, 
which  to  oiir  touch  is  heat.' ' 

Despite  these  utterances  and  arguments,  so  clear  and, 
it  might  be  added,  so  conclusive,  in  favour  of  the 
Mechanical  or  Dynamical  Theory  of  Heat,  its  rival,  the 
Material  Theory,  found  a  firm  lodgment  in  many 
scientific  minds.  Within  certain  limits  this  theory  in- 
volved conceptions  of  a  very  simple  kind,  and  this 
simplicity  secured  for  it  a  century  &go  universal  accept- 
ance. It  was  then  ausailed  by  Benjamin  Thompson, 
better  known  as  Count  Kumford ;  but,  despite  his  assault, 
it  held  its  ground  until  quite  recently  among  the  chemists 
of  our  own  day.  The  laborious  Gmelin,  for  example^  in 
his  great  *  Hjindbook  of  Chemistry,*  defines  heat  to  be  that 
Rubstance  whose  entrance  into  our  bodies  causes  the  sensa- 
tion of  warmth  and  its  egress  the  sensation  of  cold.  He 
also  speaks  of  heat  combining  with  bodies  as  one  ponder- 
able substance  does  with  another,  and  I  have  frequently 
heard  other  eminent  chemists  treat  the  subject  from  tlie 
same  point  of  view. 

•  Id  Iu>  oxrolloot  lirocliuro  cntitlod  *  Rumftird  nnd  die  M«cli&D!Mba 
WSnnorhcoric,'  Ur.  BertholJ  remArks,  with  reference  to  b  p«rt  of  the  fore- 
going quut»tioa,  tlut  after  hariog  teoo  flnt  OMd  hy  Br.  Jutili  la  1B£0,  iw 
m  im»tto,  nnd  reproduced  hy  mvft-lf.  it  has  paued  into  nil  phjqieai  hand* 
boolUi  without  anj  writer  giviug  himiielf  the  trouble  to  BttiU  the  purlicnlar 
vork  of  Locke  in  vhich  it  occars.  He  flndi  that  it  was  tnken  frum  iia 
tnngniflcBnt  pi«ce  of  writing,  entitled  the  '  ElemeotJ  of  Natural  Philo- 
•ophy  (London,  1722),*  regarding  which  the  pablikher  nyB,  that  Locke 
bad  ilictatM  it  for  the  om  of  a  joang  g»otianuui  in  who»«  edtic&ttoo  ha 
took  grant  intereit.  1  niKjr  add.  thftt  it  i«  alao  to  le  found  is  toL  ir.  p,  607 
of  Locke's  works  priot«d  in  17CS. 
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With  Ruinford,  however,  a  nevr  and  powerful  facto* 
appeared  on  the  scene.  }Ie  began  by  provin>;j  lh(»  hypo- 
thetical matter  of  heat  to  be  impouderable,  but  the 
main  drift  of  his  experiments  was  to  prove  friction  to  lie 
an  inexhaustible  source  of  beat,  while  the  wliole  force  of 
Ilia  lu^o  went  to  ehow  that  an  inexhaustible  emission  is 
irreconcilable  with  the  notion  that  heat  is  a  kind  of 
matter.  By  those  who  held  the  material  theory  the 
matter  of  beat  was  supposed  to  hide  itself  in  the  inter- 
atomic spaces  of  bodies,  out  of  which  it  could  be  squeezed 
by  compression  or  percussion  as  water  is  squeezed  from  a 
sponge.  They  were  acquainted  with  the  fact  (which  shall 
be  amply  elucidated  on  a  future  occasion),  that  different 
bodies  possess  difTerent  powerts  of  holding  heat,  if  such  a 
term  may  be  employed.  Take,  for  example,  the  two  liquids, 
water  and  mercury,  and  warm  a  pound  of  each  of  them,  say 
from  fifty  degrees  to  sixty.  The  absolute  quantity  of  beat 
required  by  the  water  to  raise  its  temperature  ten  dtigrees 
is  fully  thirty  times  the  quantity  required  by  the  mercury. 
Technically  speaking,  water  was  said  to  have  a  greater 
capacity  for  heat  than  mercury,  and  this  term  '  capacity  * 
suggests  the  views  of  those  who  invented  it.  Water  was 
supposed  to  possess  an  enormous  power  of  storing  up 
caloric  or  the  matter  of  heat ; — of  hiding  heat,  in  fact,  to 
such  an  extent  that  it  required  thirty  measiu-es  of  this 
caloric  to  produce  the  same  sensible  cflfect  on  it  that  one 
measure  could  produce  upon  the  same  weight  of  mercury. 

All  substances  possess,  in  a  greater  or  lesser  degree, 
this  apparent  power  of  storing  up  heat.  I^ead,  for  ex- 
ample, poasessc*  it;  and  onrexperiment  with  the  lead  bullet, 
in  which  heat  was  generated  by  compression,  wascxploined 
by  those  who  held  the  material  theory  in  the  following 
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way:  The  iincomprcestd  lead,  they  said  (without  however 
proving  what  they  said),  has  a  higher  capacity  for  heat 
than  the  compregped  Bubstance ;  the  size  of  its  atomic 
storehouse  is  dimioished  by  compression,  and  hence, 
when  the  lead  is  squeezed,  a  portion  of  that  heat  which, 
previous  to  compression,  was  hidden,  must  ma  ke  its 
appearance,  for  the  compressed  substance  can  no  longer 
hold  it  all.  In  &ome  similar  way  the  experiments  on 
friction  and  pe^cns^ion  were  accounted  for;  the  idea  of 
calling  new  heat  into  existence  being  rejected  by  the  be- 
lievers in  the  material  theory.  According  to  their  views, 
the  quantity  of  heat  in  the  universe  is  as  cunstuut  att  the 
quantity  of  ordinary  matter,  and  the  utmost  we  can  do  by 
mechanical  and  chemical  means,  is  to  store  up  this  heat, 
or  to  drive  it  from  its  lurking  places  into  the  open  day. 

Such  views  were  rudely  shaken  by  the  experiments 
and  argtiments  of  Rumford.  tSurpriNed  by  the  degree  of 
heat  which  a  brass  gun  acquires  in  a  short  time  on  being 
bored,  and  the  etill  more  intense  heat,  *■  much  greater 
than  boiling  water,  of  the  metallic  chips  sepamtod  from 
it  by  the  borer;'  be  proposed  to  himself  the  following 
questions : 

'Whence  cumes  the  heat  actually  produced  in  the 
mechanical  operation  above  mentioned  ? 

*Ii  it  furnished  by  the  metallic  chips  which  are  sepa- 
rated from  the  metal  ?  * 

If  this  were  the  case,  tnen  the  capacity  for  heat  of  the 
parts  of  the  metal  so  reduced  to  chips  ought  not  only  to  l)e 
changed,  but  the  change  undergone  by  them  should  be 
sufficiently  great  to  account  for  all  the  heat  produced. 
No  such  change,  however,  had  taken  place  ;  for  the  chips 
were  found  to  have  the  same  capacity  as  slices  of  the 
same  metal  cut  by  a  fine  saw,  where  heating  was  avoided. 
Ilenoe,  it  is  evident,  that  the  heat  pro<biced  could  not 
possibly  have  been  furnished  at  the  expense  of  the  latent 
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heat  of  the  metallic  chips.     Rumford  descrihen  these  ex- 
periments at  length,  and  they  are  conclusive. 

He  then  deelgtied  a  ^un-metal  cylinder  for  the  expren 
pnq>oss  of  generating  heat  by  friction.  A  blunt  rect- 
angular piece  of  hardened  steel,  called  by  Ktimford  a 
borer,  was  forced  edgeways  against  the  solid  bottom  of  the 
cylinder,  while  the  latter  was  turned  round  its  axis  by  the 
force  of  liorsps.  To  meaeure  the  heat  developed,  a  Rmnll 
round  hole  was  bored  in  the  cylinder,  into  which  was  in- 
troduced a  small  mercurial  thermometer.  The  weight  of 
the  cylinder  was  113-13  lbs.  avoirdupois.  The  borerwas 
U*(i3  of  an  inch  thick,  4  inches  long,  and  nearly  as  wide  as 
the  cavity  of  the  bore  of  the  cylinder,  namely,  3^  inchefl. 
The  area  of  the  aiuface  by  which  its  end  was  in  contact 
with  tlie  liottom  of  the  bore  was  therefore  nearly  2^  inches. 
At  the  beginning  of  the  experiment  the  temperature  of  the 
air  in  the  ghadc,  and  also  that  of  the  cylinder,  was  60**  F. 
At  the  end  of  30  minutcfi,  after  the  cylinder  had  made 
960  revolutions  round  its  axis,  the  temperature  was  found 
to  be  130". 

J  laving  taken  away  the  borer,  he  now  removed  the 
meialUc  dust,  or  scaly  matter,  which  bad  been  detached 
from  the  bottom  of  tlie  cylinder,  and  found  its  weight 
[:to  be  837  grains  troy.  *  Is  it  possible,'  he  excilaima, 
'  that  the  very  considerable  quantity  of  he^t  produced  in 
this  experiment — a  quantity  which  actually  raised  the 
temperature  of  ahove  113  pounds  of  gun-metal  at  least 
70  degrees  of  Falirenlieit's  thermometer — could  have  been 
furnished  by  so  ineonaiderable  a  quantity  of  metallic  dust, 

ad  this  merely  in  cooKcquence  of  a  change  iu  its  capacity 
heat  ?     But,  without  insisting  on  the  improbability 
of  this  supposition,  we  have  only  to  recollect  that  from 
i  results  of  actual  and  decisive  eipfcrimcnts,  made  for  the 

[prea  purpose  of  ascertaining  that  fact,  the  capacity  for 
heat  of  the  metal  of  which  great  guns  are  cast  is  not  aen^ 
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aHily changed  by  being  reduced  to  the  form  of  metallicchips, 
and  there  does  not  seem  to  be  any  reason  to  tbink  that  it 
can  be  much  changed,  if  it  be  changed  at  all,  in  being  re- 
duced to  much  smaller  pieces  by  a  borer  which  is  less  sharp.* 

Ruiaford  next  siurrounded  his  cylinder  by  an  oblong 
deal  box,  so  that  the  cylinder  could  tmn  water-tight  in 
the  centre  of  the  box,  while  the  borer  was  pressed  against ' 
the  bottom  of  the  cylinder.  The  box  was  tiJletl  with  water' 
until  the  entire  cylinder  was  covered,  and  then  the 
apparatus  was  set  in  action.  The  temperature  of  the 
water  on  commencing  was  (jO°  Fahr. 

'The  result  of  ibis  beautiful  experiment,'  write* 
Rumford,  *  was  very  striking,  and  the  pleasure  it  afforded 
me  amply  lepaid  me  for  all  the  trouble  I  had  had  in  con- 
triving and  arranging  the  complicated  machinery  used  in 
making  it.  The  cylinder  had  been  in  motion  but  a  short 
time,  when  I  perceived,  by  putting  my  hand  into  the 
water,  and  touching  the  outside  of  the  cylinder,  that  beat] 
was  generated, 

'At  the  end  of  one  hour  the  fluid,  which  weighed 
18"77  lbs.,  or  2^  gallons,  had  its  temperature  raised  47 
degrees,  being  now  107  degrees, 

'  In  thirty  minutes  more,  or  one  hour  and  thirty 
minutes  after  the  machinery  had  been  set  in  motion,  the 
heat  of  the  water  was  142  degrees. 

'  At  the  end  of  two  hours  from  the  beginning,  the 
temperature  was  178  degrees. 

•  At  two  hours  and  twenty  minutes  it  was  200  degrees ; 
and  at  two  hours  and  thirty  minutes  it  actuallt  boilkp  !' 

'  It  wotdd  be  difficult,'  says  Rumford, '  to  describe  the^ 
surprise  and  astonishment  expressed  in  the  countenances 
of  the  bystanders  on  seeing  so  large  a  quantity  of  water 
heated  and  actually  made  to  Iwil,  without  any  fire. 
Though  there  was  nothing  that  could  be  considered  very 
surprising  in  this  matter,  yet  I  acknowledge  fairly  that  it 
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afforded  me  a  degree  of  childish  pleasure  which,  were 
I  ambitious  of  the  reputation  of  a  grave  philosopher,  I 
ought  moet  octrtainly  rather  to  hide  than  to  discover.' '  I 
am  sure  we  can  dutpea»e  with  the  application  of  any 
philosophy  which  woidd  stide  such  emotion  as  Humford 
}iere  avowed. 

Vie  cannot  devote  two  hours  and  a  half  to  a  single 
iperiment ;  but  I  hope  to  be  able  to  allow  you  sub- 
untially  the  same  effect  in  two  minutes  and  a  half. 
This  brass  tube  (6,  fig.  17),  four  inches  long,  and  tliree- 
quarters  of  an  inch  interior  diameter,  is  stopped  at 
the  bottomi  and  screwed  on   to  a  whiilin^  table,   by 

Fm.  17, 


means  of  which  it  can  be  caused  to  rotate  very  rapidly. 
Two  pieces  of  oak,  with  two  semicircular  grooves,  arc 
no  united  by  a  hinge  as  to  form  a  kind  of  tongs,  t, 
the  gentle  squeezing  of  which  produces  friction  when  the 
tube  rotates.  I  pjirtiidly  fill  the  tube  with  cold  water, 
stop  it  with  a  cork  to  prevent  the  splashing  out  of  the 
liquid,  and  now  put  the  machine  in  motion.  The 
temperature  of  the  water  gradually  rises,  and  the  tube 
KKjD  becomes  too  hot  to  he  held  in  the  fingers.  Continu- 
ing the  action  a  little  longer,  the  cork  is  driven  out  with 
explosive  violence,  the  steam  which  follows  it  producing  by 
its  precipitation  a  small  cloud  in  the  atmosphere. 

ItBmrurd's  Enaya.  vol.  ii.  p.  484. 
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In  the  al>sence  of  a  whirling  table,  this  experiment 
may  be  mavie  with  the  hit-and-brace  arrangement  shown 
in  6g.  18.  The  tube  t,  containing  the  water  to  be  boiled,  ia 
clasped  by  the  wooden  tongs  h,  which  can  be  tightened  to 
any  required  extent  by  the  screw  s.  After  a  brief  period 
of  rotation,  steam  is  generated  and  the  cork  is  ejected. 
Though  less  simple,  the  whirling  table  is,  however,  more 
effectual. 

Using  a  more  volatile  liquid  than  water,  we  may  dis- 
pense with  the  wooden  tongs.     Filling  our  tube  partially 

Fio.  18. 
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with  sulpharic  ether,  and  clamping  it  with  the  hand  pro- 
tected by  a  woollen  or  buckskin  glove,  a  very  brief  rotation 
suffices  to  raise  the  vapour  of  the  ether  to  a  tension  suffi 
cient  to  propel  the  cork  against  the  ceiling  of  this  room. 


Kumford  carefully  estimated  the  quantity  of  heat 
pos!>essed  by  each  portion  of  his  apparatus  at  the  oonclu- 
flion  of  his  experiment,  and  adding  all  together,  found  a 
total  sufficient  to  raise  26*58  lbs.  of  ice-cold  water  tc  its 
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boiling-point,  nr  through  180  degfrees  Fuhreuhcit,  By 
careful  calculation,  he  found  this  heat  eqmil  to  that  given 
out  by  the  combujtion  of  2,303-8  |rraiu8  (=  4^'„  oz.  troy) 
of  wai.  He  then  determined  the  *  celerity*  with  which 
the  hcht  wa«  generated,  Bummiug  up  thus:  'From  the 
resuU*  of  these  cornputaiions,  it  appears  that  the  quantity 
of  heat  produced  equably,  or  in  a  continuous  stream,  if  I 
may  use  the  expression,  by  tlie  friction  of  the  blunt  att'el 
borer  against  the  bottom  of  the  hollow  metallic  cylinder. 
WM  ffrt^ffr  than  that  produced  in  the  combustion  of 
nine  WiVc  ctindlr^,  each  ihree-qtmrters  of  an  inch  in 
diameter,  all  burning  together  with  clear  bright  flamos.' 

•One  horac,'  he  continues,  'would  have  been  equal  to 
the  work  performed,  though  two  were  actually  employed. 
Heat  may  Urns  be  produced  merely  by  the  strGngth  of  a 
horse,  and,  in  a  case  of  necessity,  this  heat  migiit  be  used  in 
cooking  victuals.  But  no  circumstances  could  be  imagined 
in  which  thi3  method  of  procuring  heat  would  be  advan- 
tageous; for  more  heat  might  be  obtained  by  using  the 
fodder  necessary  for  the  support  of  a  horse  as  fuel.* 

This  is  an  extremely  significant  passage,  intimating,  as 
It  does,  that  Kumford  saw  clearly  that  the  force  of  animalH 
wa«  derived  from  the  food :  no  creation  of  force  taking 
phice  in  the  animal  ho<1y. 

'By  meditating  on  the  results  of  alt  these  experiments, 
we  are  naturally,'  he  says,  *  brought  to  the  great  question 
which  has  sc  often  been  the  subject  of  speculation  among 
philosopheria,  namely,  \STiat  is  beat — is  there  any  such 
thing  S8  an  iffneouB  fuid?  Is  there  anything  that,  with 
propriety,  c^in  be  called  caloric  ? ' 

•  We  have  seen  that  a  very  considerable  quantity  of 
heat  may  be  excited  by  the  friction  of  two  metallic 
nttrfaees,  and  given  olT  in  a  constant  stream  or  flux  in  all 
dvreelions^  without  int«m»ption  or  ititermiasion,  and  with- 
out any  signe  of  dindnut'um or  exhaustion.     In  reasoning 
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on  this  Buhjcct,  we  must  not  forget  that  moat  remarfc<^tle 
circumatance*  that  the  source  of  the  heat  generated  by 
friction  in  these  experiments  appeared  evidently  to  be 
inexhauetlbU.  [The  italics  are  Rumford's.]  It  is. 
hardly  neces:«iry  to  add*  that  anything  which  any 
Bulated  body  or  system  of  bodies  can  continue  to  fur- 
nish without  Ihnifatlun  cannot  possibly  be  a  vmlerial 
aubatance ;  and  it  appears  to  me  to  be  extremely  difficult,  if 
not  quite  impossible,  to  form  any  distinct  idea  of  anything 
capable  of  being  excited  and  communicated  in  those 
experiments,  except  it  be  motion/ 

With  regard  to  the  illustration  wbich  cumpared  heat 
to  water  contained  in  a  sponge,  Knraford  replied  tlius : 
'  A  sponge  filled  with  water  and  hung  by  a  thread 
ta  the  middle  of  a  room  filled  with  dry  air  communicates 
its  moisture  to  the  air  it  is  true,  but  soon  the  water 
evaporates  and  the  sponge  can  no  longer  give  out  moisture.' 
The  case, he  contended,  is  not  at  all  similar  to  heat;  for 
here,  by  renewed  mechanical  action,  we  can  cause  the 
heat  to  flow  out  at  will.  *  A  bell,'  he  says,  *  sounds  with- 
out intermission  when  it  is  struck,  and  gives  out  its  sotmd 
Aft  often  as  we  please,  without  any  perceptible  loss. 
Moisture  is  a  substance,  sound  is  not.*  Heat,  he  con- 
tended, was  typified  by  the  vibrating  bell  and  not  by  the 
evaporating  sponge. 

The  conclusion  drawn  from  these  ex  peri  men  t«  by  Rum- 
ford  was  contested  by  Bertholet,  who  stood  forth  as  the 
champion  'of  the  received  theory  of  caloric*  His  argu- 
ments were  fully  set  forth  by  Rumford,  and  totally  over- 
thrown. When  the  history  of  the  dynamical  theory*  of  heat 
is  completely  written,  the  man  who,  in  opposition  to  the 
scientific  belief  of  his  time,  could  experiment,  and  reason 
upon  experiment,  as  Rumford  did  in  the  investigation  here 
referred  to,  may  count  upon  a  foremost  place.  Hardly 
anything  more  powerful  against  the  materiality  of  heat 
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has  lieen  siuce  adduced,  hardly  anything  more  conclusive 
in  the  way  of  establishing  that  heat  is,  what  Bojle^ 
Hooke,  and  Locke  considered  it  to  ]je,  Motion* 

And  liere  we  may  refer  to  an  observation  of  UumfordX 
vhich  indicates  at  once  his  penetration  and  the  limit  of 
hia  knowledge.  In  1778  he  was  engaged  in  experiments 
on  the  force  of  gunpowder,  employing  a  mueket  barrel 
which  he  sometimes  fired  without  any  bullet,  and  some- 
times with  one,  two,  three,  or  even  four  bullets.  Imme- 
diately after  each  discharge  it  was  his  practice  to  seize  the 
barrel  in  hia  hand,  while  it  was  wiped  out,  and  ho  was 
astonished  to  notice  that  the  barrel  was  always  hotter  when 
the  charge  consisted  of  powder  alone,  than  when  loaded 
with  one  or  more  bu11et4.  Rumford  rejected  the  notion 
thut  the  gun  was  heated  by  the  flame  of  the  gimpowder, 
which  he  considered  far  too  transitory  to  produce  the  beat- 
ing effect  observed.  He  referred  that  effect  to  mechanical 
concussion.  Assuming  heat  to  he  *  a  more  or  less  rapid 
vibratory  motion  among  the  particles  of  solid  bodies,*  he 
concluded  that  when  the  powder  alone  was  fired,  the  shock 
was  *  more  vibrating  or  heavier  '  than  when  the  combustion 
was  obliged  *  to  push  slowly  before  it  one  or  two  balls 
which  were  anything  but  light.'  Hud  Kumford  been 
aware  of  the  entire  bearing  of  the  mechanical  theory  of 
beat,  be  would  not,  I  think,  have  omitted  to  mention, 
in  connexion  with  this  experiment,  that  the  gimpowder 
urging  the  b«ll  could  not  possibly  generate  the  same 
amount  of  heat  as  when  urging  no  ball.  Rumford  omitted 
all  allusion  to  thin ;  and  Mayer  was  the  first  to  discern 
the  mcaniug  of  bis  observation. 

Stimulated  probably  by  Rumford,  with  whom  he  waa 
personally  connected  at  the  Royal  Institution,  Davy  took 
up  this  subject,  and  enriched  it  by  a  beautiful  and  conclu- 
live  experiment.'     Ice  is  solid  water,  and  the  solid  has 
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only  one-lialf  the  capacity  fur  heat  that  liquid  water 
poitsesses.  A  {quantity  of  heat  which  would  raise  a  poimd 
of  ice  ten  de^^eea  la  temperature  would  raise  a  pound  of 
water  only  five  degrees.  Further,  simply  to  liquefy  a 
mass  of  ice,  an  enormous  amount  of  heat  is  necessary,  this 
heat  being  so  utterly  absorbed  or  rendered  *  latent  *  as  to 
make  no  impres^sion  upon  the  thermometer.  The  ques- 
tion of  '  latent  heat*  shall  be  fully  discussed  in  ila  proper 
place:  what  I  am  desirous  of  impressing  on  you  at 
present  is,  that,  taking  the  materialists  on  their  own 
ground,  liquid  watery  at  its  freezing  temperature,  pos- 
sesses a  vastly  greater  amount  of  heat  than  ice  at  the  same 
temperature. 

Davy  reasoned  thus:  *  If  I,  by  friction,  liquefy  ice, 
a  substance  will  be  produced  which,  according  to  the 
material  theory,  contains  a  far  greater  absolute  amount  of 
heat  than  the  ice.  In  this  case,  it  cannot  with  any  show 
of  reason  Ije  afBrracd  that  I  merely  render  sensible  heat 
which  had  been  previously  insensible  in  the  frozen  mass. 
Liquefnction  will  conclusivL-ly  demonstrate  a  generation  of 
new  heat.'  He  made  the  experiment,  and  liquefied  the 
ice  by  pure  friction.-  The  experiment  has  been  justly  re- 
g;irded  as  fatal  to  the  material  tbeory.' 

'  Dav^r'a  expcrimeot  wns  In  rom'*  meMurc  anticip«t«d  by  Sir  ThomM 
UrowD, '  Pneudodnxiii  Epidemica,'  B«M>k  11,  elwp.  i,  '  Again  tlie  cmimtion  of 
ico  wilt  not  cnduro  n  dry  Attrition  vithotit  liquxUoD,  for  if  it  b«  rabbod 
lung  with  a  cloth  it  m'.'lteth.' 

Thumiis  YouDC;  baw  clenrlr  tho  signifinioce  of  tho  foregoing  rmlti^ 
Mtid  concluded  thnt>  Uin  «iperimcntt  of  Rumfurd  and  Davy  ailbrded  'so 
iinntiBWcrable  confbtntjon'  of  tho  niatcriiil  thi-ory  of  h«it.  'Then  « 
nu  allertuilivc/  he  cuntcnds,  '  but  to  allow  tbHt  heat  muKt  b«  aciually 
generatod  by  friction.  ...  If  heat,'  he  addi,  *  b«  oat  a  sobstance.  it  mnHt 
b(*  a  qoalitj' ;  and  Ihts  qtuiltty  can  only  hr>  a  motion.'  Canniiiah  took  tha 
■Aine  viaw.     Uaxweli. '  Theory  of  Heat '  page  72. 
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APPEXDIX  TO   LECTURE  II. 


ICra  FROM  THE  TWENTIETH   A-PHORISM  OF  THE 
SECOND  BOOK   OF  THE'SOVUM  OROASUSL* 

Wiiiy  I  emj  of  motEon  that  it  is  the  genus  of  which  host  is  a 
species,  I  would  be  understood  to  mean,  not  that  heat 
(reocnUes  motion,  or  that  motion  generates  beat  (ihoagk  both 
are  tme  io  oertain  cases),  bat  that  heat  it«etf,  ita  etwence  and 
qaidditj,  is  motion  and  nothing  else ;  limited,  however,  hj 
the  specific  differences  which  I  will  presentlj  subjoin,  as  soon 
as  I  have  added  a  few  cautions  for  the  sake  of  avoidini; 
ambiguity 

Nor,  again,  ninst  the  commnnicatioQ  of  h(«t,  or  its  (ransi. 
tive  nature,  bv  means  of  which  a  bodj  hecomes  hot  when  a 
hot  hodj  is  applied  to  it,  be  confounded  with  tbe  form  of 
beat.  For  hebt  is  one  thing,  and  heating  isaoother.  Heat  is 
produced  bjr  the  motion  of  attrition  without  any  preceding 
beat 

Heat  is  an  expansive  motion,  whereby  a  body  strives  to 
dilate  and  stretch  itself  to  a  larger  sphere  or  dimeoBion  than 
it  had  prerionsly  occupied.  This  difTcrence  is  most  obserrable 
in  fiame,  where  the  smoke  or  thick  vapour  minifesMy  dilates 
snd  expands  into  flame. 

It  is  shown  also  in  all  boiling  liquid,  \Thicli  manifestly 
swells,  rises  and  bubbles,  and  carries  on  the  process  of  self- 
expansion»  till  it  tnmR  into  a  body  far  more  extended  and 
dilated  than  tlic  liqaid  itself,  namely,  iulo  vapour,  smoke, 
or  air. 


Tbe  third  specific  difference  is  this,  that  beat  is  a  motion 
•f  ttxpacsion,  not  nniforraly  of  the  whole  body  together,  but 
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in  the  Binaller  parts  of  it;  and  at  the  same  time  cbccked, 
rcpolled  and  bcaton  hack,  so  that  tho  body  acquires  a  znotioa 
alternative,  perpetually  qnivering,  striving  and  struggling', 
and  irritated  by  reperco-ssion,  whence  Bpringa  tho  fnry  of  fire 
and  beat. 

Again,  it  is  shown  in  this,  that  when  the  air  is  expanded 
in  a  calender  glass,  withont  impediment  or  rcpuUion,  that  is 
to  Bay  nnifonnly  and  equably,  there  is  no  perceptible  heat. 
Also  when  wind  escapes  from  conBnement,  although  it  burst 
forth  with  tho  greatest  violence,  there  is  no  very  great  beat 
perceptible;  because  the  motion  is  of  the  whole,  without  a 
motion  alternating  in  the  particles. 

And  this  specilio  dilTorenco  is  common  also  to  the  ii&tare  ol 
cold  ;  for  in  cold  contractive  motinn  is  checked  by  a  resisting 
tendency  to  expand,  jast  as  in  heat  the  expansive  action  ifl 
cliecked  by  a  resisting  tendency  to  contract.  Thun,  whether 
the  particles  of  a  body  work  inward  or  oatward,  the  mode  of 
action  is  the  same. 


Now  from  this  our  first  vintage  it  follows,  that  the  form 
or  true  definition  of  heat  (heat  that  is,  in  relation  to  the 
universe,  not  simply  in  relation  toman)  is,  in  a  few  words, 
as  follows :  ffeat  i>  a  moiionf  tutpnngive,  re^trained^  and  tu^ng 
in.  its  strife  Hp'jn  th^  fmnUer  particles  of  hoJif*.  But  the  ex- 
pansion is  thus  modified  :  iWiiVe  it  erpands  all  -ways,  it  has  at 
the  Kiime  time  an  inclination  Mpivarda.  And  the  struggle  in 
the  particles  is  moditied  also;  it  it  iu>t  slutjgish,  but  hurried 
aad  with  violence.^ 

'  Bacoo'i  Wci^  toL  it.  ;  Spedding'f  TiaiuUtioa. 
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caKinc&i.  tntLT,  ooxBo^rtosv  un>  raiucorr-Lnow— raTsiotootcAJ.  hut— 

DiumusAVCz  or  skat  a  cbdcic&l  ruocamm — tlahb — cOMVcmtni 

on  MOST  vujtc— c»MBrsnoN  op  &m  m  oo&l-oas — XLacrmic&L    bmat 

|<^~»>4UL  or  KUKTicuPsaBrs  AXD  EUCTxic  XACsuni— siAT  OF  XAawirrvw 

.•mMcnso  nrsvcTvnr— rtrsiox  or  iotai.  tit  Kioirano  wvsut  —hut  or 

TUB    TOLTAIG     lUTTmT— VTFaCtlL&ft    BUT    »     KCLAtlOll    TO   MDtCVLUI 
CHEMICAL   HEAT. 

WE  have  amplj  illustrated  the  producttoo  of  heat  by 
mecbanical  means.  But  beat  is  most  usualty  pro- 
(lueed  by  chemical  means ;  and  we  must  lenrn  very  rapidly, 
but  rery  thoroughly,  to-day,  what  this  gignifiea  when  newed 
from  the  standpoint  of  the  dynamical  theory. 

We  will  begin  at  the  very  basis  of  the  phenomena  of 
oombii»tioQ.  On  the  plate  of  an  air-pump  I  place  a  bit 
of  burning  candle,  and  o\'er  the  candle  a  large  glass 
receiver.  Kxhausting  the  receiver,  tlie  flame  gradually 
becomps  dim.  It  Rwetis  in  size,  and  at  la»t  hardly  yields 
any  light.  Permitting  air  to  enter  the  receiver,  it  at  onoe 
reviven.  Again  exhausting,  I  allow  the  6ame  to  go 
entirely  out;  leaving,  however,  a  glowing  ember  at  the 
Up  of  the  wick.  Kapidly  permitting  a  little  oxygen 
to  enter  the  receiver,  the  candle  is  reignitcd  and  bums 
with  vivid  brilliancy.  The  candle  cannot  bum  without 
air,  and  when  fed  by  oxygen  instead  of  air  its  combustion 
18  vastly  intensified. 

One-fifth  part  by  volume  of  our  atmosphere  is  composed 
tf  this  vivifying  gas,  the  other  four-fifths  being  nitrogen. 
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wliich  does  not  minister  to  the  purposes  of  cutnbu^tion.  Tlie 
energy  of  combustion  is  diluted  by  a  substance  vhich  tak^ 
its  heat,  and  yields  no  return.  I  take  from  the  6re  a  piece 
of  balf-bumt  coal,  and  urge  against  it  from  this  iron  bottle, 
in  which  tlie  gas  is  compressed,  a  stream  of  pure  oxygen. 
It  burns  with  da7.7.ling  splendoiu*.  In  a  suitable  flame  I 
heat  a  diamond  to  vivid  redness,  and  plunge  it  rapidly 
into  a  jar  of  oxygen.  Jt  glows  there  like  a  pure  white 
star.  A  properly  prepared  fragment  of  coke  is  not  to  be 
distinguished  in  this  respect  from  the  diamond ;  both  of 
them  are  carbon,  and  in  oxygen  they  behave  alike. 

It  is  not^  however,  necessary  that  tho  oxygen  should 
be  presented  to  the  carbon  in  the  form  of  a  gas:  combustion 
also  t-akes  place  when  the  oxygen  is  so  locked  up  by  other 
bodies  as  to  form  a  solid.  Gunpowder,  for  example, 
carries  its  own  store  of  solid  oxygen.  In  saltpetre  we 
have  a  large  quantity  of  the  substance  combined  with 
nitrogen  and  pot&ssium.  Behind  me,  over  a  gas-flame,  ia 
a  basin  containing  fused  saltpetre.  Throwing  into  the 
dish  a  fragment  of  the  ignited  bark  eharcail,  with  which 
Faraday  loved  to  operate  on  account  of  the  beauty  of 
its  scintillations,  a  miniature  volcano  of  sparks  is  the 
conseqxience. 

How  are  we  to  present  to  our  minds  the  burning  of  a 
diamond  in  oxygen  ?  I  have  already  briefly  alluded  to  the 
theory  which  pictures  meteoric  masses  raining  down  upon 
the  sun,  and  generating  by  their  collisions  solar  light  and 
heat.  Keduce  the  sun,  in  idea,  to  the  magnitude  of  our 
diamond,  and  the  meteoric  masses  to  the  magnitude  of 
our  atoms  of  oxygen,  and  you  have  an  image  of  what 
occurred  a  moment  ugr)  in  this  jar.  The  diamond  ia 
a  closely  packed  assemblage  of  carbon  atoms,  between 
which,  when  heated,  and  the  surrounding  oxygen  there  is 
exerted  an  enormous  attractive  force.  Urged  by  this  force, 
upon  every  carbon   atom   the  oxygen  atoms  precipit&te 
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tbemsel^'es  in  pain,  two  atoms  of  oxygen  cunspiriug 
n»  it  were  to  attack  each  Etogle  atom  of  carbou.  Tlie  heat 
of  this  atomic  coUisioD  is  so  intense  that  the  carlnm,  in 
union  with  the  oxygen,  is  jerked  away  from  the  solid 
nucleus,  yielding  a  BubaUuice  which  is  neither  c^irbon  nor 
oxygen,  but  a  gaseous  compound  of  biith,  called  carbonic 
acid. 

When  atoms  thus  combine  chemically  in  groups,  the 
groups  are  called  *  molecules,*  Kvery  molecule  of  carhonio 
acid  consists  then  of  a  group  of  tliree  atoms,  of  wliich  two 
are  oxygen  and  one  is  carbon.  This  substance  is  locked  up 
in  great  quantities  in  chalk  and  marble,  both  of  which  are 
compounds  of  carbonic  acid  and  lime.  Now  in  these 
chemical  afifairs,  as  in  others,  the  strong  dislodges  the 
weak  and  takes  its  place,  so  that  if  we  pour  upon  chalk,  or 
marble,  an  acid  stronger  than  caxbouic  acid,  it  will  displace 
the  Utter  and  set  it  free  as  a  gas. 

In  carbonic  acid  the  mutual  attraction  of  oxygen  and 
carbon  being  satiaGed,  tbe  heat-produciug  power  is  used 
up,  and  combustion  can  no  longer  be  sustained.  The  gas 
is  heavier  than  air, audit  may  therefore  be  collected  in  an 
open  jug.  Plunging  a  lighted  taper  into  a  jug  thus  filled,  it 
is  immediately  extinguished.  Pouring  the  gas  like  water 
fi'oro  the  jug  upon  a  candle-flame,  you  see  nothing  de- 
scending, but  the  extinction  of  the  flame  proves  that  some- 
tlting  inimical  to  its  existence  has  fallen  upon  it.  Blow- 
ing a  soap-bubble  and  tossing  it  up'm  the  heavy  gas  con- 
tained in  a  suitable  vessel,  the  bubble  is  arrested,  and, 
after  a  few  pendulous  up-and-down  movements,  it  HoaU  at 
rest  upon  an  invLsiblc  fluid.  Permitting  the  light  from 
our  electric  lamp  to  fall  upon  a  large  white  screen,  and 
pouring  out  the  gas  in  front  of  the  lamp,  it  is  seen,  falling 
as  a  cascade  down  the  screen.  In  the  Grotto  del  Caue, 
near  Naples,  this  g-.is,  produced  naturally,  forms  an  uudiT- 
currcnt,  or  pool,  about  a  foot  in  depth,  and  tlie  brutal  ex- 
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periment  is  constantly  made  of  presainp  the  head  of  a  little 
dog  underoeath  the  gaa  until  the  creature  becomes  inscn- 
aible.  Neither  light  nor  animal  life  can  be  suppoiU'd  by 
this  substance. 

I'^e  fermentation  in  a  brewery  is  caused  by  the  growth 
of  a  little  fungiip,  which  consumes  oxygen  and  produces 
carbonic  ncid.  The  putrefaction  of  meat  or  eoup  is  wholly 
du6  to  the  multiplication  of  extremely  minute  organisms, 
which  generate  among  other  products  carbonic  acid.  This 
flask,  for  example,  contained  a  few  days  ago  a  perfectly 
transparent  infusion  of  beef.  It  was  corked  up,  and  in 
two  or  three  days  it  became  muddy  as  you  now  see  it,  the 
muddincss  being  due  to  innumerable  swarms;  of  microscopic 
organi&ms,  which  are  now  darting  to  and  fro  through  the 
liquid.  They  first  consumed  the  oxygon  dissolved  in  the 
liquid,  the  place  of  which  wag  taken  by  the  oxygen  in  the 
air  aliove  the  liquid.  This  also  is  now  conHuroed,  its  place 
being  taken  by  carl>onic  acid.  Itemoving  tbe  cork  from 
the  tia«k,  I  plunge  into  it  a  lighted  taper — the  flame  is 
immediately  extinguished. 
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This  leads  me  to  say  a  word  or  two  regarding  our  own 
warmth.  During  the  whole  course  of  our  Uvea  we  are 
continually  inhaling  and  exhaling  atmospheric  air.  Now 
the  nitrogen,  which,  as  we  have  already  learnt,  constitutes 
four-fiftbs  of  the  bulk  of  our  atmosphere,  docs  nothing 
towards  the  support  of  life.  It  is  solely  its  companion 
element  that  sustain?  us.  When  we  inhale,  the  oxygen 
passes  across  the  cell-walls  of  the  lungs  and  mixes  with  the 
blood,  by  which  it  is  ciu-ried  through  the  body.  When  we 
exhale,  we  pour  out  from  (he  lungs  the  carbonic  acid 
produced  by  tbe  &low  combustion  of  our  bodies.     To  this 
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bIcw  combiistioD  we  owe  our  animal  heat,  C&rbonio  acid 
nmy  be  regarded  as  tbe  ruM  of  tbe  body,  which  ii 
ooDtlnuaUy  cleared  away  by  the  lungn. 

In  every  part  of  the  body  this  combustion  is  going  on. 
The  blood  is  forced  by  the  heart  through  the  arteries  to 
all  portd  of  the  system*  and,  after  pacing  through  tlie 
capillarieit,  it  retunifl  to  the  heart  through  the  veins.  The 
Tenoua  blood  it  much  darker  than  the  arterial  blood,  an 
effect  due  to  the  de-oxidation  of  the  blood.  To  make 
room  for  fresh  oxygen,  the  1)lack  venous  blood  yithU  up 
in  the  lungs  the  carbonic  acid  with  which,  through  the 
combustion  of  tbe  body,  it  was  previously  charger!,  the 
red  colour  being  thus  restored. 

Consider,  then,  all  the  fires  in  the  world  and  all  the 
animals  in  the  world  continually  pouring  their  carbonic 
acid  into  the  atmosphere.  Would  it  not  be  fair  to  con- 
clude that  our  air  must  lieeome  more  and  more  contami- 
nated, and  unfit  to  support  either  combustion  or  life  ? 
This  KGtas  inevitable,  but  it  would  be  a  conclusiou 
founded  upon  half  knowledge,  and  therefore  wrong.  A 
provision  exists  for  continually  purifying  the  atmosphcie 
of  its  excess  of  carbonic  acid.  By  tho  leaves  of  plants 
tJiis  gas  is  a1  st^rbed,  and  within  the  leaves  it  is  decom- 
posed by  the  solar  rays.  The  carbon  is  stored  up  in  the 
tree,  while  the  pure  oxygen  is  restored  to  the  atmosphere. 
Carbonic  acid,  iu  fact,  is  in  a  great  extent  the  nutriment 
of  pluntti;  and  inasmuch  as  animals,  in  the  long  run,  derive 
their  food  from  the  vegetable  wnrid,  this  very  giis,  which 
at  fiivt  sight  might  be  regarded  as  a  deadly  constituent  of 
tbe  atmosphere,  is  the  main  sustainer  both  of  vegetable 
and  animal  life. 

That  the  air  which  comes  from  tlie  limgs  is  different 
m  quality  from  that  whicli  goes  into  them  may  be  shown 
by  a  simple  experiment.  Carlwnic  acid  is  warm,  and  thnre- 
forc  light,  when  freshly  exhaled,     it  does  not  readily  fall 


w 


HEAT   A    MODE   OF   MOTION. 


LECr.   III. 


to  the  bottom  of  a  vessel  into  which  we  breathe.  But  if 
the  breath  be  chilled  by  scnditiy^  it  through  a  metal  tube 
winch  passes  through  cold  water,  the  carbonic  acid  may 
be  collected  in  an  open  jar.  A  single  expiration  from  the 
lungs  suffices  to  fill  a  good-sized  jar  with  the  gas,  which 
immediately  quenches  a  lighted  taper. 

I  have  named  the  carbonic  acid  of  our  bodies  'rust,' 
and  the  reason  I  have  done  so  is,  that  it  is  produced  by 
the  oxidation  of  carbon,  as  iron  rust  is  produced  by  the 
oxidation  of  iron.  Tliis  lutier  process  is  exactly  analogous 
to  the  slow  combustion  within  the  animal  frame ;  and 
when  the  hent  thus  produced  is  prevented  from  wasting 
itself,  it  may  rise  to  destructive  intensity.  By  such  heat^ 
in  all  probability,  the  first  Atlantic  cable  was  rendered 
useless.  In  1 86 1,  the  Afessra.  Siemens  had  charge  of  the 
Bangoou  and  Singapore  telegraph  cable.  Suspecting  tiie 
injury  that  might  accrue  from  heat,  they  had  placed  in  the 
heart  of  each  cable-coil  an  instrument  capable  of  indi- 
catiug  any  exalUtion  of  temperature.  The  surmii^ed  in- 
crease occurred,  the  temperature  augmenting  daily  by 
about  3**  Fubr.  A  temperature  of  86°  was  at  length 
shown  within  the  coil,  when  the  outside  temperature 
was  only  60°.  The  cable  would  have  been  inevitably 
destroyed  in  the  course  of  a  few  days,  if  the  generation  of 
heat  had  been  allowed  to  continue  unchecked.  The  cable 
was  cooled  by  pouring  water  at  a  temperature  of  42* 
Fahrenheit  upon  the  top  of  the  coil.  It  issued  raised  to 
72°  at  the  bittom- 

Casting  a  backward  glance  over  the  series  of  actions 
here  illustrated,  we  first  ligure  the  mutually  attracting 
atoms  apart,  tlien  rushing  together,  and  acquiring  while 
crossing  the  insen>;ible  interval  which  separates  them  the 
velocity  with  which  they  strike  each  other.  That  this 
velocity  is  enormnus  is  proved  by  the  amount  of  heat  which 
it   generates.     Ilib  shall   bo   made   clearer  by-and-by 
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When  the  atoms  clash  they  recoil,  and  the  consequent 
tremulous  motion  is  one  form  of  heat-  Thiis  every  mole- 
cule ia  animat«l  by  a  vibratory  motion  of  it«  couatituent 
part^.  It  is  a  musical  instrument  complete  in  itself,  the 
tremors  of  which,  when  they  impinge  on  tlie  nerves, 
produce  the  aeTiaaiion  of  heat 


III:<APPEARANCK    Of   HEAT   IN    CHEMICAI.    PROCESSEa 

Let  U6  now  fix  our  attention  on  tiie  expcrimeiitg  with 
nolid  carbon,  and  oxygen  in  the  state  of  gas — eay  the  com- 
bugdon  of  the  diamond  in  oxyjjen.  The  amount  of  heat 
here  generated  is  accurately  known.  Commuuicatod  to 
water,  it  woidd  raise  a  weight  of  that  liquid  7770  times 
the  weight  of  the  diamond  1^  Centigrade  in  temperature. 
The  heat  generated  by  the  other  forms  of  carbon  do  not 
differ  widely  from  this.  The  heat,  for  example,  derived 
from  the  combuBtion  of  a  pound  of  wood-<Tbarcoal  would, 
according  to  Lavoiaier,  raise  the  temperature  of  7237 
potmdfl  of  water  1*  Centigrade ;  while,  according  to  Favre 
and  Silbermann,  it  would  produce  tins  increa^o  of  tem- 
perature in  8080  pounds  of  water.  Turn  your  thoughts 
now  to  the  experiment  with  charcoal  and  saltpetre,  where 
the  violence  of  the  combustion  proved  the  intensity  of  the 
heat.  Would  a  pound  of  charcoal  thus  burnt  in  saltpetre 
produce  the  game  amount  of  heat  as  when  burnt  in  free  oxy- 
gen ?  No.  Saltpetre,  or  nitrate  of  potash,  is  formed  by  the 
combination  of  nitrogen,  pota&tium,  and  oxygen  ;  one  con- 
sequence of  that  combination  t>eing  the  gt^neration  of  hea*. 
To  unlock  the  atomic  embrace  of  the  nitrogen,  potassium, 
tend  oxygen,  an  amount  of  heat  must  be  expended  equal  to 
that  generated  by  their  union  ;  and  by  this  exact  amount 
the  heat  pruduced  by  combustion  in  (<altpetre  would  fall 
diort  of  that  produced  by  combustion  in  free  oxygen.     In 
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the  one  case,  we  have  the  total  heat  produced  by  the  tmion 
of  carbon  and  oxygen ;  in  the  other  cose,  yre  have  that  heat 
made  less  by  the  quantity  necessary  to  effect  the  decom- 
position of  the  saltpotre. 

Again,  as  regai-ds  our  chalk  and  marble,  their  forma- 
tion implies  the  generation  and  waste  of  enormous  stores 
of  heat.  First,  carbon  and  oxygen  combined  to  form 
carbonic  acid;  secondly,  calcium  and  oxygen  combined  to 
form  lime  ;  and,  thirdly,  carbonic  acid  combined  with  lime 
to  form  carbonate  of  lime.  At  each  step  of  the  process 
heat  was  genemted.  It  was  dispersed  ages  ago  in  apace. 
In  our  experiment  made  a  moment  ago,  we  dislodged  the 
carbonic  acid  from  the  marble.  Now  the  stronger  acid 
which  effected  this  decomposi  lion  could  unite  with  lime 
directly  and  generate  heat.  Is  the  heat  observed  in  our 
experiment  witli  the  marble  equal  to  that  produced  by  the 
direct  union  of  the  stronger  acid  and  the  lime  ?  No.  It 
falls  short  of  that  heat  by  the  quantity  necegsary  to  tear 
away  the  carbunio  acid,  which  quantity  is  exactly  that 
generated  when  the  carbonic  acid  and  the  lime  tirst  rushed 
into  union. 

We  now  pass  from  the  combustion  of  carbon  in  oxygen 
to  the  combu>'tion  of  hydrogen  in  the  same  gas.  Hydro- 
gen is  conveniently  stored  in  strong  iron  bottles,  and  the 
one  now  before  you  contains  at  least  thirty  atmospheres 
of  the  compressed  gas.  Hydrogen  is  produced,  as  you 
know,  by  the  action  of  zinc  upon  acidulated  water.  The 
oxygen  of  the  water  is  attracted  by  the  zinc,  which 
becomes  oxidized,  tltc  oxide  being  dissolved  by  the  acid 
and  fresh  metallic  surfaces  contiuually  exposed.  The 
liberated  liydrogen  e-scapes  as  a  gas.  From  our  iron 
bottle  I  aliow  a  jet  of  the  gas  to  issue.  On  ignition  it 
bums  with  a  feebly  luminous  flame.  Were  the  heat  of  a 
flame  expressed  by  its  light  this  would  be  a  cool  one. 
The  heat,  however,  is  not  expressed  by  the  light,  and  thit 
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pale  flame  is  capable  of  imiaiiig  a  re&aetoffy  niid  body  to 
an  tDteose  white  heat.  A  platanum  wiro,  for  eiample» 
placed  in  the  flame  ia  raised  to  vivid  incandescence.  But 
the  flame  itself  must  be  hotter  than  the  wire  which  it 
caosea  to  glow.  We  have  here,  however,  by  no  means 
the  iuU  intensity  of  the  beat  due  to  the  combustion 
of  oocygen  and  hydrogen.  The  atmospheric  oxygen  is 
diluted  by  four  times  its  bulk  of  nitrogen,  which  weakens 
the  combustion  and  robs  the  flame  of  heat  On  substitut- 
ing pore  oxygen  for  atmoef^terio  air,  we  obtain  a  vastly 
intensified  action.  By  a  proper  apparatus  we  mix  the 
two  gaaee  and  ignite  the  mixture  as  it  issues  from  a  small 
nozzle.  When  this  lightless  flame  impinges  on  a  thin 
plate  of  platinum,  which  is  one  of  the  most  re&actory  of 
metaU,  the  flame  flist  raises  the  platinum  to  a  dazzling 
white  heat,  and  then  pierces  it  like  a  spear.  Causing  the 
flame  to  impinge  upon  a  cylinder  of  lime,  we  have  the 
bnlliant  Drummond  light.  It  will  aflen^ards  be  explained 
how  a  flame  which  itself  is  scarcely  visible,  and  which, 
when  examined  by  a  prism,  yields  a  barely  perceptible 
trace  of  a  spectrum,  con,  when  it  impinges  upon  a  sulid, 
produce  a  light  so  efl'ulgent  that  its  spectrum  compares 
in  richness  with  that  of  the  sun. 

When  oxygen  and  hydrogen  are  caused  to  combine,  the 
product  of  their  union  is  pnre  aqueous  vapour.  Holding 
a  cold  glass  siuiace  above  a  hydrogen  flame  the  glass  is 
instantly  dimmed  by  the  condensation  of  the  vapour.  If 
the  flame  be  caused  to  impinge  upon  a  surface  kept 
permanently  cold,  the  condensed  vapour  may  lie  colh'ctfd 
ns  water.  The  bottle  of  water  now  held  in  my  baud  has 
beeu  produced  by  a  hydrogen  flame  winch  was  caused  to 
impinge  upon  the  bottom  of  a  silver  basin  filled  with  ice. 
When  I  first  determined  the  boiling  temperature  upon  the 
■iimmit  of  Mont  Blanc,  my  spirit-lamp  was  put  out  three 
or  four  times  by  the  water  of  condensation.     The  boiler  of 
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my  apparatus  was  6Iled  with  enow,  during  the  meltiiifj  of 
which  the  condensation  of  the  vapour  of  the  lamp  was 
incessant,  and  frona  time  to  time  a  heavy  drop  falling 
from  the  bottom  of  the  boiler  upon  the  wick  of  the 
lamp  completely  extinguished  it. 


Our  illustrations  of  combustion  might  be  extended  in- 
definitely. Besides  the  intense  incandescence  of  charcoal 
and  the  wliite  glow  of  the  diamond,  I  might  show  you 
the  dazzling  radiation  of  phoi^phorus,  the  scintillations 
of  steel,  or  the  purple  and  blue  flames  of  zinc  and  sulphur 
when  burnt  in  oxygen.  With  a  clear  image  of  the 
clashing  of  the  atoms  in  a  single  case,  you  have,  how- 
ever, au  image  of  what  occurs  in  all.  When  the  affinity  is 
strong,  and  the  store  of  oxygen  sufficient,  bodies  bum  in 
liquids  as  well  ns  in  gases.  You  have,  indeed,  seen  that 
carbon  not  only  bums  in  oxygen,  but  in  fused  saltpetre. 
From  white  sticks  of  potash,  like  those  in  this  bottle, 
Davy  extracted  the  metal  potassium,  I  throw  a  pellet  of 
the  metal  on  water ;  it  moves  to  and  fro  over  the  surface 
— fur  it  is  lighter  than  water — accompanied  by  a  purple 
flame.  It  baa  combined  with  the  oxygen  of  the  wat«r,  dis- 
lodged the  hydrogen,  and  produced  heat  intense  enough  to 
ignite  the  liberated  gas.  I  place  the  metal  in  a  little  wire 
cage,  and  plunge  it  suddenly  under  water.  There  is  nrtw 
no  dame,  hut  copious  bubbles  of  hydrogen  rise  from  the 
cage.  The  hydrogen  is  here  liberated  where  there  is  no 
free  oxygen  to  burn  it,  and  therefore  we  have  no  flame. 
The  metal  fodium,  extracted  by  Davy  from  soda,  has  a 
less  powerful  affinity  for  oxygen  than  potassium  has.  It 
decomposes  wnter — that  is  to  say,  it  burns  therein,  liberates 
the  hydrogen,  but  does  not  produce  flame.  Zinc  acts 
similarly  ;  it  also  burns  in  water ;  and,  in  connexion  with 
the  Voltaic  battery,  this  form  of  combustion  is  of  special 
importance.     Placed  in  pure  water,  zinc  immediately  ceases 


nwT.  tn. 


FtJUfK. 


to  decompose  the  liquid.  It  ooveni  it^f  with  a  coating  of 
oxide  of  zinc,  which  interrupts  the  contact  between  it  and 
the  adjacent  oxvgun.  By  adding  a  little  stilpburic  acid  to 
the  water,  the  oxide  is  dissolved,  fresh  metallic  surfaces 
are  continually  exposed,  and  the  decompoeition  then  goes 
on  without  intemiption. 

In  all  these  cases,  however,  the  principle  of  equi- 
valence U  rigidly  enforced.  Davy  could  not  have  severed 
pcitasfiitun  frum  oxygen  vithuut  the  sacrifice  of  an 
equivalent  amount  of  beat.  The  quantity  of  heat  sacri- 
ficed is,  moreover,  exactly  that  generated  by  the  re-forma- 
tion of  potash,  through  the  combustion  of  the  potassium. 
Again,  the  beat  of  onr  potassium  pellet,  when  burnt  on 
water,  is  not  that  which  would  be  produced  by  the  combus- 
tion of  potassium  in  free  oxygen  gas.  Il  fidU  short  of  this 
heat  by  the  quantity  necessary  to  sever  the  hydrogen  of  the 
water  from  the  oxygen.  Thi^  quantity  of  heat  is  exactly 
^xestored  when  the  hydrogen  takes  fire,  and  re-bums  to 
So  also  as  regards  zinc.  In  pure  oxygen  every 
pound  of  thia  metal  generates  by  its  combustion  say  n 
units  of  heat ;  that  is  to  say,  it  would  raise  n  pounds 
of  water  l"  in  temperature.  Burnt  in  dilute  sulphuric 
acid,  the  same  xinc  yields  only  n-y  units  of  heat;  the 
quantity  y  l>eing  gacrificed  to  effect  the  ilecomposition 
of  the  water. 


KLAMB. 


We  will  now  devote  a  few  minutes  to  the  examina- 
tion of  the  flames  which  we  employ  for  illumination, 
taking  as  our  first  illustration  an  ignited  jet  of  gas.  What 
is  the  constitution  of  that  jet?  Within  the  flame  we 
have  a  core  of  gas  as  yet  unburnt,  and  outi^idc  the  flame 
we  have  the  oxygen  of  the  air.     Between  both  is  a  space 
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in  wliicli  tlie  atoin>]  c\&sh  tognlhcr  and  produce  light  and 
heat  by  their  collision.  But  the  exact  constitution  of 
the  flmne  is  worthy  of  our  special  attention,  and  for  onr 
knowledge  of  this  wc  are  indebted  to  one  of  Davy's  most 
beautiful  investigations  Coal-gas  is  what  we  call  a 
hydro-carbon ;  it  oonsists  of  carbon  and  hydrogen  in  a 
state  of  chemical  union.  From  tliis  transparent  gas 
escape  soot  and  lampblack  when  the  combustion  is  in- 
complete. Soot  and  lampblack  are  there  Dow,  but  they 
are  compounded  with  otiier  substances  to  a  transparent 
form.  This  compound  gas  is  now  in  contact  with  the 
oxygen  of  our  air:  we  apply  heat,  and  the  attractions 
are  instantly  so  intensitied  that  the  gas  bursts  into 
flame-  The  oxygen  has  a  choice  of  two  partners,  aod 
it  first  closes  with  that  for  wliich  it  has  the  strongest 
attraction.  lb  unites  with  the  hydrogen,  and  sets  the 
carbon  free.  Tunumerable  solid  particles  of  carbon  thus 
scattered  in  the  midst  of  the  burning  hydrogen  are  raised 
to  a  state  of  intense  incandescence ;  they  become  white- 

Iiot,  and  mainly  to  them,  ae- 
conling  to  Davy,  the  light  of 
imr  lamp-t  is  due.  The  car- 
bon however,  in  due  time, 
eloses  with  the  oxygen,  and 
becomes,  or  ought  to  become, 
carbonic  acid  ;  but  in  passing 
from  the  hydrogen  with  which 
it  was  first  combined,  to  the 
oxygeu  with  which  it'  enters 
into  final  union,  it  exirt^  for  a 
moment  in  the  solid  state. 
Every  solid  particle  rises,  I 
may  add,  with  immense  rapidity  through  the  flame,  de- 
scribing a  white-hot  /mi«,  and  the  sum  of  these  lines  gives 
us  the  light  of  the  flame. 
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The  oombustioQ  of  a  candle  U  in  principle  the  same  m 
t)tat  of  a  jet  of  ^as.  Here  we  liave  a  rod  of  wax  or  tallow 
(fig.  19),  through  which  passes  a  cotton  wick.  We  ignite 
the  wick ;  it  boras,  melts  the  tallow  at  iU  base,  and  the 
lif^iiid  ascends  through  the  wick  by  capillary  attraction. 
It  is  converted  by  the  beat  into  vapoor  which  burns  ex- 
actly like  coal-gas.  In  this  case  also  we  have  unburnt 
vapour  within,  common  air  without,  while  between  both 
is  a  shell,  which  forms  the  battle-ground  of  the  clashing 
atoms,  where  they  develop  tbeii  light  and  heat. 

In  the  case  of  a  candle,  as  in  thufc  of  gas^  we  have 
a  IkjUow  cone  of  burning*  matter.  Imagine  this  cone  cut 
across  horizontally  and  looked  down  upon  ;  a  burning  ring 
would  be  exposed.  We  can  practically  cut  the  flame  of  a 
candle  thus  across.  I  brini;  a  piece  of  white  paper  down 
upon  the  candle,  until  it  almoet  touches  the  wick.  The 
upper  surface  of  the  paper  becomes  charred — how?  Cor- 
responding to  the  burning  ring  of  the  candle,  wc  have  a 
charred  ring  upon  the  paper  (fig.  20).     Operating  in  the 
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same  manner  with  a  jet  of  gas,  we  obtain  the  ring  which 
it  produces.  Within  the  ring  the  paper  is  intact,  for  at 
this  place  the  unburnt  vaptiur  of  the  candle,,  or  the  un- 
burnt gas  of  the  jet,  impinges  against  the  surface,  and  no 
charring  can  occur. 

The  existence  of  carbon  particles,  in  a  flame,  implies 
the  absence  of  oxygen  to  seize  hold  of  them.  If,  at  the 
moment  of  their  liberation  from  the  hydrogen,  oxygwi 
were  present  to  seize  ujwn  them,  their  state  of  singleness 
would  be  abolished,  and  we  should  no  longer  have  their 
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light.  For  this  reason,  when  we  mix  a  sufficient  qtmntity 
of  air  wilh  the  (jas  issuing  from  a  jet,  and  thus  cause  the 
oxygen  to  penetrate  to  the  very  lieart  of  the  jet,  the  light 
practically  disappears. 

Professor  HuuRen  has  invented  a  burner  for  the  express 
purpose  of  destroying,  Viy  quick  combustion,  the  solid  carbon 
particles.  The  burner  from  which  the  gas  escapes  is  intro- 
dticed  into  a  tube  or  tharnlier,  which  is  perforated  nearly  on 
a  level  with  the  orifice  of  tl»e  burner.  Through  the  holes  the 
P     ^  air  enters,  mingles  with  the  gas,  and  the 

t  mixture  is^'ues  from  the  top  of  the  tube. 

■*  Fig.  21    represents  a  form  of  this  burner. 

a  The  gas  is  discharged  into   the  perforated 

I  chamber  a,  where  air  mingles  with  it,  and 

'         I  both  a.scend  the  tube  a  h  together  ;    d  is 

ifcq  a  rose-biu^er,  which  may  be  used  to  vary 

^^^S^K  t^^  simpe  of  the  flame.  I  ignite  the 
mixture,  but  the  flame  produces  hardly 
any  light.  Heat  is  the  thing  here  aimed  at;  and  this 
ligbtless  flame  is  much  hotter  than  an  ordinary  flame, 
V»etause  the  combustion  is  much  quicker,  and  therefore  more 
intense.'  ^STien  the  oriflces  in  a  are  stopped,  the  supply 
of  air  is  cut  off,  and  tbe  flame  at  once  becomes  luminous: 
we  have  now  the  ordinary  case  of  a  core  of  unbumt  gas 
surrounded  by  a  burning  shell.  The  illuminating  powerof 
a  gaa  may,  in  fact,  be  estimated  by  the  quantity  of  air 
necessary  to  prevent  the  precipitation  of  the  solid  carlxm 
paiticle^;  the  richer  the  gas,  the  more  air  will  be  rc- 
qtiired  to  produce  this  effect. 

To  determine  the  influence  of  height  upon  the  rate  of 
oorahuslion,  was  one  of  the  problems  which  I  pet  before  my- 
self in  my  journey  to  the  Alps  in  1 859,  On  that  occasion  I 
invited  Dr.  Frankland  to  accompany  me,  and  to  undertake 

'  Not  hatter,  nor  orariy  wo  htrt,  to  a  >>o(ty  exposed  to  iu  radntion  ;  Iwt 
nrj  much  hotter  to  a  body  piuuprd  iu  tht  flame. 
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the  experimeots  cm  CombustioD,  whQe  I  devoUd  mytvlf  to 
obserrationa  on  Solar  Radiation.  The  plan  pnrsiied  «nis 
this ;  six  candles  were  purcbised  at  Chamouni  and  care- 
fnlly  weighed ;  they  were  then  allowed  to  bum  for  an 
hoiiT  in  the  Hotel  de  I'Union,  and  the  losa  of  weight  w.ia 
determined.  The  same  candles  were  taken  to  the  stiimmit 
of  Mont  Blanc,  and,  on  the  mornLng*  of  Aiigost  21,  1859, 
were  allowed  to  bum  for  an  hour  in  a  tent,  which  shaded 
them  from  the  sun  and  sheltered  them  from  the  wind. 
The  aspect  of  the  six  flames  at  the  summit  surprised  ii!i 
both.  They  seemed  the  mere  ghosts  of  the  flames  pro- 
duced at  Chamouni — enlarged, pale, feeble, and  suggesting; 
a  greatly  diminished  energy  of  combustion.  The  caudleH 
being  carefully  weighed  on  our  return,  the  unexpecte<l  fact 
was  revealed,  that  the  quantity  of  stearine  consumed  above 
was  almost  precisely  the  same  as  that  consumed  below. 
Thus,  tliough  the  light-<^iving  power  of  the  flame  was 
ditoinished  in  an  extraordinary  d^ree,  the  rapidity  of  the 
combustion  was  \inchanged.  This  ciuiotis  re^iult  is  to  be 
sscrilted  mainly  to  the  mobility  of  the  air  at  thin  great 
height.  l*he  particles  of  oxygen  could  penetrate  the  flame 
with  comparative  freedom,  thus  destroying  its  light,  and 
making  atonemeot  for  the  smallness  of  th^ir  number  by 
the  rapidity  of  their  action.  I  find,  indeed,  that  by 
reducing  the  density  of  ordinary  atmospheric  nir  to  one- 
lutlf,  we  nearly  double  the  mobility  of  its  atoms. 

Dr.  Frankland  ha?  made  these  experiments  the  basis 
of  a  very  interesting  memoir.'  He  shows  that  the  quantity 
of  a  candle  consumed  in  a  given  time  is,  within  wide  limits, 
independent  of  the  density  of  the  air;  and  the  rtason  is, 
that  although  by  compressing  the  air  we  augment  the 
number  of  active  particles  in  contact  with  the  flame,  we, 
almost  in  the  same  degree,  diminish  their  mobility  and 
retard  the  combustion.  One  of  the  mast  interesting  fact* 
*  Fbil>i«trphicnl  TniDBiiclions  for  1861. 
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estaltlislit'd  by  Dr.  Frankland  is,  that  by  condensing  the 
air  around  it,  the  pale  and  smokeless  flume  of  aspirit'lump 
may  Ite  rendered  as  bright  as  that  of  coal-gas,  and,  by 
pushing  the  condeDsation  sutBciently  far,  the  flame  may 
actually  be  rendered  smoky,  the  oxygen  present  being  too 
sluggish  to  effect  the  complete  combustion  of  tlie  carbon. 

In  all  the^e  cu>«e8  the  heat  and  light  produced  are  due 
to  the  union  of  two  difforeut  substances,  one  being  just  as 
necessary  as  the  other  to  the  production  of  the  result.  We 
sometimes  hear  coal-gas  spoken  of  as  a  combustible  sub- 
stance, and  oxygen  as  a  supporter  of  combustion ;  but  if  our 
atmosphere  were  composed  of  coal-gas,  and  if  the  great 
gas-holders  at  our  gas-works  were  filled  with  oxygen,  we 
should  be  able  to  bum  that  oxygen  in  an  atmosphere  of 
coal-gas.  Or  if,  insteail  of  being  tilled  with  oxygen,  the 
gas-holders  were  filled  with  common  air,  we  should  be  able 
to  bum  the  air.  The  late  Mr.  Wills  devised  an  arrange- 
ment by  which  this  is  readily  accomplished.  It  is  shown 
in  fig.  22,  where  a  b  is  a  wide  glass  tube  filled  with  coal- 
gas  through  the  tube  g.  We  make  sure  that  it  is  full  by 
igniting  tbe  gas  at  /.  The  air  enters  through  the  short 
tube  a,  which  is  open  at  the  bottom.  It  is  ignited  by  a 
small  gas-flame  issuing  from  the  burner  */',  which  is  inscrtM 
into  rt.  ThcKmall  gus-fl:ime  is  shown  in  the  figure  within 
the  larger  nir-flamc.  It  may  be  withdrawn  when  the  air 
is  ignited. 

To  account  for  the  propagation  of  fire  was  one  of  the 
difficulties  of  the  last  century.  A  spark  was  found  sufli- 
cient  to  initiate  a  conflagration.  The  effect  here  seemed 
beyond  all  proportion  greater  than  the  cause,  and  herein 
lay  the  philosophical  difficulty.  By  a  striking  analogy 
Jtoscovich  made  clear  to  his  own  mind  how  small  causes 
produce  vast  elTects.  He  pictures  a  high  mountain  rising 
out  of  the  sea,  with  sides  so  steep,  that  blocks  of  stone  are 
just  able  to  rest  upon  them  without  rolling  down.     He 
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tuppoaes  such  blocks,  dimiDUhing  gnduaUy  in  axe,  to  be 
strewn  over  the  mountain — large  below,  moderate  at  the 
middle  height,  and  dwindling  to  sand  grains  at  the  top. 
A  imall  bird  touches  with  its  (not  a  graio  on  the  sommit ; 
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it  moves,  sets  the  next  larger  grains  in  motion,  these  again 
let  loofie  the  pebbles,  these  the  larger  ^toneg,  these  the 
blocks ;  until  finally  the  whole  mountain  side  rolls  violently 
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into  0»e  sea,  there  producing  mighty  waves.  Here  the 
foot  of  the  little  bird  unlocked  tbe  energy,  the  rest  of  the 
work  being  done  by  gravitation.  This  he  regarded  as  an 
image  whereby  tbe  propagation  of  fire  might  be  rendered 
intelligible.  The  spark  acts  like  the  foot  of  the  bird;  it 
Htarts  a  process  which  is  continued  and  vastly  augmented 
by  the  molecular  forces  of  the  fuel.  The  force  which  moves 
a  traiu  in  potential  in  the  boiler  before  the  steam  is  turned 
on.  The  hand  of  the  engineer  releases  a  detent  and  permits 
the  potential  to  become  actual.  It,  however,  like  the  bird  of 
Bosoovich,  only  liberates  a  pre-existing  power.  The  actiuu 
of  the  nerves  in  unlocking  the  power  of  the  muscles  also 
falls  in  admirably  with  the  conception  of  Boscovich  here 
described. 


KLBCTRICAL    HBAT. 

Klectricity  furnishes  numerous  illustrations  of  thai 
principle  of  equivalence  between  the  powers  of  Nature 
whi<:h  it  is  the  aim  of  these  lectures  to  reveal.  One 
such  Illustration  was  referred  to  when  the  discovery  of 
Peltier  was  brought  to  bear  in  explanation  of  the  phe- 
nomena of  tbe  thermo-pile.  Further  illustrations  are 
to  be  now  adduced.  You  are  familiar  with  the  action  of 
the  etectropborus.  Before  me  is  a  large  one,  formed  of  a 
resinous  cake,  on  which  is  placed  a  metal  lid  with  an  insulat- 
ing handle.  Rcmovingthe  lid,  I  strike  the  resin  with  apiece 
of  fur,  or  rub  it  with  a  piece  of  flnnnel,  lay  the  lid  upon 
it,  touch  the  lid,  lift  it,  and  then  bring  my  knuckle  near 
it«  edge.  I  hear  a  crackle  and  see  a  spark.  Whence  come 
they?  Heat,  according  to  the  principle  of  equivalence, 
requires  for  its  production  the  expenditure  of  some  other 
power.  It  is  never  spontaneously  generated.  To  what 
expenditure,  then,  is  our  spark  to  be  referred? 

To  answer  this  question,  I  extemporise  a  smaller 
eleotrophorus,  using,  instead  of  the  resinous  cake,  a  piece 
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of  ^Tilcftnised  indiA-nibbcr  (r,  fig.  23),  aad,  instead  of  the 
large  lid,  a  plut«  of  brass,  k,  5  iucliea  in  diameter.  This 
pUte  iH  attached  hv  silk  threads,  like  a  Kale  pan,  to  o\ze 
end  of  a  balaxMie-beacQ  (a  b,  fig.  23).  It  now  rests  upon 
the  iinexcltefl  india-rubber.  I  determine  its  weight,  and 
find  it  to  be  lUO  grammes.  Lilting  the  plate,  I  whisk  the 
india-rubber  briskly  with  a  fox's  bm^b,  and  bringing  once 
more  the  pUte  down  upon  it,  I  touch  the  plate.  To 
separate  plate  and  rubber  115  grammes  are  now  necessary. 

Pro.  23. 
A  B 


To  lift  the  lid,  therefore,  from  the  excited  resin  cake  a 
quantity  of  work  has  to  be  done  in  excess  of  what,  in 
necessary  to  overcome  the  mere  force  of  gnivity.  The 
spark  of  the  electrophorus  is  the  exact  equivalent  of  this 
excess.  By-and-by  we  will  trace  farther  back  the  pedigree 
of  tbe  Fpark.  At  present  it  suffices  to  point  out  it4 
proximate  parentage. 

Similar  considerations   hold   good    for   the  electn'nal 
luacbinc,  from  tbe  conductor  of  which  we  obtain  sparks  of 
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considerable  length  and  power.  What  is  the  force  ex- 
pended to  produce  them  ?  The  plate  of  the  machine  pa^sea 
between  two  nibhers,  ordinary  mechanical  friction  com- 
ing here  into  play,  and  producing  on  the  spot  the  heat 
due  to  such  friction.  Besides  this,  however,  the  electrical 
attraction  between  the  rubber  and  the  glass  has  to  be 
ovexcome,  and  it  is  the  particular  portion  of  the  force  ex- 
pended in  overcoming  this  attraction  that  appears  imdcr 
the  form  of  a  spark.  One  great  difference  between 
electrical  heat  and  frictional  heat  comes  here  into  view  j 
for,  whereas  the  latter  is  developed  at  the  place  where  the 


friction  occun>,  the  former  may   be  developed  at  any 
distance  from  its  origin. 

On  the  table  before  me  lies  a  coil  of  wire,  over- 
spun  with  cotton,  as  it  has  come  to  us  from  the  manufac- 
turer. The  two  ends  of  the  coil  (a,  h,  fig.  24)  are  now 
unconnected.  I  lift  one  side  of  the  coil,  and  in  doing  so 
overcome,  in  part,  its  gravity.  Connecting  its  two  ends, 
I  lift  it  exactly  as  before.  Were  my  '  muscular  sense  * 
fine  enough,  I  should  find  that  a  greater  amount  of  effort 
is  here  required  to  lift  the  coil  than  when  gravity 
alone   is    overcome.      What   is   the   equivalent    of   this 
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excess  of  effort?  It  cannot  be  destroyed:  what,  then, 
has  become  of  it?  The  answer  is  soon  given.  Instead 
of  uniting  the  two  ends  of  the  coil  directly,  I  con- 
nect them  with  a  sensiLive  galvanometer.  When  the 
coil  is  lifted,  we  obtain  immediately  a  deBecbion  of  the 
needle,  proving  that  the  lifting  of  the  coil,  when  its  ends 
are  connected,  evokes  an  electric  current  which  panes 
round  the  circuit.  This  current  is  of  momentary  dura- 
lion  :  it  immediately  resolves  itself  into  heat  which,  in 
amount,  is  the  exact  equivalent  of  the  excess  of  effort 
to  which  I  have  referred. 

Fia.  35. 


Holding  the  same  coil,  with  its  ends  a,  6,  free,  thus  ver- 
tically (fig.  25),  I  thrust  a  bar-raagnet,  u  N,  horizontally 
half-way  through  it.  An  amount  of  force  necessary  to 
transport,  with  this  velocity,  a  body  of  the  weight  of 
the  magnet,  is  expended  in  this  act ;  what  U  called 
'inertia,*  and  it  only,  being  overoi»me.  I  now  connect 
together  the  two  ends  of  the  coil,  and  push  the  magnet 
once  more  through  it.  A  greater  amount  of  effort  is 
here  expendeti  than  before;  and  this  excess  of  effort  evokes 
an  electric  current,  which  iniitantly  subsides,  as  heat,  in 
the  body  of  the  ooil.    To  withdraw  the  magnet,  moreover. 
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a  rflronger  pull  is  necessary  when  tbe  coil  is  continuoiia 
than  wlien  it  is  broken,  the  augmcntAtion  of  tbe  piiU 
finding  its  equivalent  in  an  electric  current,  opposed  in 
direction  to  tbe  former  one,but,  like  it,  instantly  resolving 
itself  iuto  lieat,' 

My  musolee  were  not  quite  sensible  of  the  excess  of 
effort  employed  in  these  cAses,  but  it  is  easy  so  to  exalt 
tbe  eflfect  as  to  bring  it  within  tbe  range  of  oousciousnesa, 
I  pass  a  flat  coil  of  wire,  with  its  ends  connected, 
between  the  poles  of  an  unexcited  electro-magnet,  and 
encoimter  no  sensible  resistance.  When  the  magnet  is 
excited,  the  resii»tance  to  the  passage  of  the  coil  is  very 
sensible  indeed.  Suspending  tbe  coil  so  as  to  form  a  kiud 
of  pendulum,  I  draw  it  aj^ido,  and  let  it  oscillate  between 
the  poles.  When  the  magnet  is  unexcited,  the  oncillations 
continue  for  a  considerable  time.  When  the  magnet  is 
excited,  the  motion  is  instantly  arrested.  Bringing 
the  two  flat  poles  of  the  imexcited  magnet  near  each 
other,  I  drop  a  half-crowa  between  them.  It  falls  as  it 
wotdd  fall  in  ordinary  air.  W'hen,  however,  the  magnet 
is  excited,  the  fall  is  visibly  retarded,  I  have  cut  through 
this  copper  ring  so  as  to  break  its  continuity.  I  drop  it 
between  the  excited  poles  and  determine  the  time  which 
it  requires  to  fall  between  them.  Connecting  tlie  two 
ends  of  the  ring,  I  repeat  the  experiment,  and  find  the 
time  of  falling  six  times  what  it  was  before.  The  ring, 
in  point  of  fact,  drops  as  deliberately  between  tbe  excited 
poles  as  if  the  space  between  them  were  filled  with  treacle 
or  tar. 

We  are  here  dealing,  as  many  of  you  know,  with 
Faraday's  induced  currents,  to  which  a  circuit  is  opened 
by  the  completion  of  tbe  ring.  It  is  the  interaction  of 
the  magnet  and  these  currents  which  gives  rise  to  the 
observed  resistance  to  motion  between  the  excited   poles. 

'  A  Uxge  lectorv-room  gilr«iioinetpr  snffiros  for  this  experimeaU 
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The  final  form  of  al!  such  currents  is  heat^  and  this  heat  is 
the  exact  equi>'aleDt  of  the  force  expended  in  overcoming 
the  inanpieto-electric  attractions  and  repulsions. 

With  special  apparatus  constructed  for  the  purpose, 
Faraday's  currents  may  be  raitsed  to  a  great  degree  of  in- 
tensity. Before  you  is  a  small  machine  presented  to  ua 
by  3Ir.  Wilde  of  Manchester,  in  which  sixteen  horae-Hhoe 
magnets  are  placed  parallel  to  each  other,  an  iron  arma- 
ture, with  insulated  copper  wire  coiled  around  it,  being 
caused  to  rotate  rapidly  between  their  poles.  With  the 
endfl  of  the  coil  unconnected,  the  amount  of  effort  neces- 
«ary  to  overcome  its  mechanical  friction  aufHces  to  tnrn 
the  machine.  While  turning  it,  I  desire  my  assistant  to 
connect  the  two  ends  of  the  coil.  An  increased  amount 
of  work  is  instantly  thrown  upon  the  muK'les.  If,  prior 
to  connectiog  the  two  ends  of  the  coil,  I  happen  to  be 
turning  the  machine  gently,  on  suddenly  making  the 
connection  the  rotation  is  as  suddenly  stopped.  By 
apy>lying  more  power  I  overcome  the  resistance,  but,  in 
doing  so,  develop  an  equivalent  amount  of  heat  in  the 
coil.  Instead  of  uniting  the  two  ends  of  the  coil  by  a  thick 
copper  wire,  I  connect  them  with  a  thin  platinum  one. 
A  portion  of  the  heat  generated  by  my  labouring  muscle 
is  made  evident  by  the  incandescence  of  the  wire.  I 
work  the  machine  till  the  wire  ribes  to  a  white  heat,  and 
continue  working  until  it  fuses.  Instantaneous  relief  is 
aflForded  to  my  arm  by  the  interruption  of  the  contact 
between  the  two  ends  of  the  coil. 


FUSION   OT   METAL  IH   THE   MAGNETIC   riBLD. 

The  foregoing  considerations  regarding  electrical  heat 
will  prepare  you  for  a  strikinj;^  experiment.  We  owe  it 
in  its  first  form  to  Dr.  Joule;  in  its  second  form  to  the 
late  ]il.  Fouoaidt ;  while  the  form  in  which  it  is  now  to 
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be  introduced,  u  perhaps  most  suitable  for  the  iectnre 
room.  This  mass  of  iron — which  is  part  of  a  Uuk  uf  a 
huge  chain  cable,  surrounded  by  multiple  coila  of  copper 
wire,  c  o  (6f(.  26) — can  instantly  be  converted  into  a 
powerful  magnet  by  sending  an  electric  current  through 
the  wire.  When  thus  excited,  a  poker  clings  to  the  iron, 
and  chisels,  screws,  and  nails  cling  to  the  poker.  Turaed 
upside  down,  this  magnet  will  hold  a  half-hundredweight 
attached  to  each  of  its  poles,  and  probably  a  score  of  the 
heaviest  people  in  Uiis  room  attached  to  the  wcight^f.  At 
a  proper  signal  the  current  is  iQt«rrupt£d.  The  magnet 
now  is  mere  common  iron,  which  exerts  no  attractive 
power.  On  the  ends  of  the  magnet  are  placed  two  pieces 
of  iron,  P  p — movable  pole?,  as  they  are  called — which 
can  be  brought  within  any  required  distance  of  each  other, 
M'hen  the  exciting  current  passes,  these  pieces  of  iron 
virtually  form  parts  of  the  magnet.  Between  them  I 
place  a  subetaace  which  the  magnet,  even  when  exerting 
its  utmost  power,  is  incompetent  to  attract.  This  sub- 
stance is  a  piece  of  silver — in  fact,  a  silver  medal. 
\\Tien  it  ia  brought  close  to  the  excited  magnet,  no  attrac- 
tion ensues.  Indeed  what  little  furce — and  it  is  so  little 
u  to  be  utterly  insensible  in  those  experiments — the 
magnet  really  exerts  upon  the  silver,  is  repulsive  instead 
of  attractive. 

The  medal  now  hangs  between  the  poles.  When  a  cur- 
rent is  sent  through  the  coil  the  silver  is  neither  attracted 
norrept'lled,  but  if  we  seek  to  move  it  we  encounttT  resist- 
ance. To  turn  the  medal  round,  this  resistance  must  be 
overcome,  the  silver  moving  as  if  it  were  surrounded  by  a 
viscous  fluid.  This  extraordinary  efl^ect  may  also  bfi  ren- 
dered manifest  in  another  way.  Causing  a  rectangular 
plat«  of  copper  to  pass  quickly  to  and  fro  like  a  saw 
between  the  poles  p  p,  with  their  points  tiuned  towards 
each  other;  you  seem,  though  you  can  see  nothing,  to  be 
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aawingr  through  cheese  or  butter.'  No  effect  of  tbU  kind 
ia  noticed  when  the  magnet  is  not  active:  the  copper  plato 
then  encoimtcrs  nothing  but  the  infinitesimal  resistance  of 
the  air. 

Thus  far  ^rou  have  been  compelled  to  take  my  state- 
ments for  granted,  but  an  experiment  Is  here  arranged 
which  will  make  tliia  strange  action  of  the  magnet  on  the 
silver  medal  strikingly  manifest  to  you  all.  Above  the 
suspended  medal,  and  attached  to  it  by  a  bit  of  wire,  i» 
a  little  reflecting  pyramid  M,  formed  of  four  triangular 
pieces  of  looking-glass;  both  the  medal  and  the  reflector 
are  eu^pended  by  a  thread  which  was  twisted  in  ita  manu- 
facture, and  which  is  caused  to  untwist  itself  by  the 
weight  uf  the  medal.  When  a  strong  beam  of  light  is 
thrown  upon  the  tittle  pyramid,  the  light  is  reflected, 
and,  as  tiie  mirror  turns,  you  see  long  luminous  spokes 
moving  through  tlie  dusty  air  of  the  room. 

Ijet  ns  st^irt  from  a  state  of  rest.  The  beam  now 
pisAcs  through  the  room  and  strikes  against  the  white 
wall.  As  tlie  mirror  begins  to  rotate,  the  patch  of  light 
moves,  at  tirst  slowly,  over  the  wall  and  ceiling.  The 
motion  quickens,  the  separate  patches  of  light  can  do 
longer,  be  seen,  but  instead  of  them  we  h;ive  a  luminous 
band  twenty  feet  in  diamoter,  drawn  ujjon  the  wall  by  the 
quick  rotation  of  the  reflected  beams.  At  a  signal  given, 
the  magnet  is  excited,  the  medal  is  struck  motionless,  the 
band  suddenly  disappear?,  and  the  single  patch  of  light  is 
again  seen  upon  the  wall.  Tliis  strange  restdt  is  produced 
without  any  visible  chnnge  in  the  space  between  the  two 
poles.  Observe  the  slight  motion  of  the  image  ;  the  tor- 
sion of  the  string  is  stnigt^ling  with  an  unseen  antagonist 
and  producing  that  motion.  It  is  such  as  would  be  pro- 
duced if  tlie  medal,  instead  of  being  surrounded  by  air, 

*  Ad  szperimoDL  of  Fiu*ju1ii;*i.    Ho  hIso  woi  tlie  tint  to  hmat  by  » 
mngost  the  motion  uf  n  spinnin;;  eobtt  of  copper. 
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were  immersed  in  a  pot  of  treacle.  On  dettroying  tlm 
magnetic  power,  the  viscous  cbaraeter  of  the  space  be- 
tween the  poles  instantly  disappears ;  the  medal  begins  to 
twirl  as  before ;  producing  the  revolving  beams  and  the 
luminous  hand. 

By  the  force  of  the  hand,  as  we  have  seen,  the  resist- 
ance between  the  excited  poles  can  be  overcome  and  the 
medal  turned  round.  Force  ia  thus  expended — what 
(jeeomes  of  that  force  ?  It  is  converted  into  beat.  We 
have  already  referred  to  the  discovery  of  Faraday,  that 
electric  currents  are  developed  when  a  conductor  of  elec- 
tricity is  set  in  motion  between  the  poles  of  a  magnet. 
We  have  such  currents  here,  and  they  are  competent  to 
heat  the  meda].     But  what  art  these  currents  ?     How  ue 
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Dtey  related  to  the  space  between  the  magnetic  poles — 
how  to  the  musciilar  force  which  is  expended  in  their 
generation  ?  It  does  not  in  the  h»ast  lessen  the  intere,st 
of  the  experiment  if  the  foroe  of  my  ann,  previous  to 
appearing  as  heat,  appears  in  another  form — in  the  fr»rm 
of  electricity.  The  result  is  the  same:  the  heat  developed 
ultimately  is  the  exact  equivalent  of  the  power  employed 
to  move  the  medal  in  the  excited  magnetic  field. 

This  development  of  heat  is  now  to  be  made  evident. 
For  this  purpose  I  use  a  solid  metal  cylinder,  the  core 
of  which  is  composed  of  a  metal  more  eaailj  melted 
than  its  outer  case.  The  outer  case  is  of  copper,  and  this 
is  filled  with  a  hard  but  fusible  alloy.  The  cylinder  is  set 
tiprifjht  between  the  conical   poles  p  p  (fig.  27)   of  tha 
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magnet.  A  string  6  s  passes  from  tlie  cylinder  to  a  whirl- 
ing table,  by  which  the  cylinder  may  be  cauiied  to  spin 
round.  It  might  turn  till  doomsday  with  the  ma^et 
unexcitod,  and  not  produce  the  effect  sought ;  but  nith  the 
magnet  in  action  an  amount  of  heat  will  soon  be  developed 
Bufficient  to  melt  the  fusible  metal  core.  The  cylinder  is 
now  rotAting,  its  upper  end  being  open.  We  will  permit 
it  to  remain  so  until  the  liquid  metal  is  seen  spattering 
over  the  poles  of  the  magnet.  The  metallic  spray  is 
already  visible,  though  a  minute  has  scarcely  elapsed 
since  the  experiment  began.  I  stop  the  motion  for  a  mo- 
ment^ cork  up  the  end  of  tlie  cylinder,  so  as  to  prevent  the 
loss  of  the  metal,  and  let  the  action  continue  for  half  a 
minute  longer.  I  withdraw  the  cylinder,  remove  the 
cork,  and  pour  out  before  you  the  liquefied  alloy. 


HlUT    OF   THB   VOLTAIC   BATTEnr. 

In  Grove*B  voltaic  battery,  which  is  that  commonly  used 
in  our  experiments,  zinc  is  dissolved  —that  is  to  say,  burnt 
— in  dilute  sulphuric  acid.  By  washing  the  clean  surfaoe 
of  the  zinc  with  mercury,  we  preserve  it  from  solution 
until  the  electric  current  Hows.  As  long  as  it  cuntinues  to 
Bow,  the  zinc  is  dissolved,  sulphate  of  zinc  being  formed, 
which,  when  (he  action  continues  long  enough,  crystallises 
at  the  bottom  of  the  cell.  Now,  the  amount  of  beat 
generated  by  the  combustion  of  an  equivalent  of  zinc  in 
the  battery,  is  precisely  the  same  as  that  generatt^l  in 
acidnliited  water  ouUido  the  battery.  And  here  I  would 
a£ik  you  to  bear  in  mind  that,  however  the  solution  of 
the  zinc  may  be  carried  on — whether  the  chemical  action 
be  feeble  or  intense,  whether  the  solution  be  accomplished 
slowly  or  rapidly — the  total  amount  of  heat  generated  by 
the  solution  of  a  givon  quantity  of  zinc  is  invariable. 

Two  voltaic  batteries  of  ten  cells  each  are  now  before 
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jou.  I  uDite  the  tvo  ends  of  one  of  them  by  a  thick 
copper  wire,  as  in  fig.  28.  Midway  in  the  circuit  of  the 
other  battery  I  introduce  four  inches  of  thin  platinum 
wire  ;  the  currents  6nw  throng  both  circuits  1  touch  the 
thiek  copper  wire^  and  And  it  cool:  it  is  obvioua  to  you  that  I 
dare  not  thus  touch  the  platinum  wire,  for  it  is  raised  by 
the  current  to  a  wbit<^  beat.     It  is  not  its  thickness  alone 
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I    that  enables  the  copper  wire  to  transmit  the  current  with- 
I    out  heating.     Were   it   as   thin   as   the   platinum    wire, 
though  more  warmed  than  it  now  is,  it  would  fall  far  short 
of  &  red   heat.     The  copper  is  what  we  call  a  good  con- 
doctor,  the  platinum  a  bad  conductor;  the  resistance  of  the 
bitter  being  sometbiug  tantamount  to  molecidar  friction, 
^    which  the  electric  current  haa  to  overcome,  and  in  over- 
I   eoming  which  it  develops  heat.     Or,  the  good  conductor 
H  may  be  compared  to  a  diathermanous  body  which  permits 
P   of  the  free  transmission  of  radiant  boat,  and  remains  cnol ; 
while  the  had  couduotor  may   be  compared  to  an  ather- 
manous  b«vly  which  stops  the  radiation,  and  may  be  raised 
^    even  to  incandescence  by  the  heat  intercepted.^ 
^m  *  The  term*  htro  einplnjed  &ra  follj  oip1ain«d  id  a  nihMquent  Lfttui« 
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Permitting  the  two  currents  to  flow  until  an  ounce  of 
zinc  is  dissolved  in  each  battery,  and  starting  from  the 
principle  that  tlio  Bolution  of  an  ounce  of  zinc  develojM, 
under  all  circumstances,  the  same  amount  of  heat,  let  us 
reason  out  what  7nii»t  occur  in  the  case  before  us.  Heat 
is  generated  in  both  batteries.  But  in  the  one  case  there 
is  no  heat  out«ide,  oonseqiiently  it  must  be  aU  withiD. 
In  the  other  case  part  of  the  heat  is  generated  outside; 
hence  only  a  part  of  it  can  be  within.  But  it  is  in  the 
battery  that  the  zinc  is  burnt ;  this  last  conclusion,  there- 
fore, implies  that  the  heat  can  appear  at  a  distance  &om 
the  hearth  where  the  fuel  is  consumed.  If  the  heat  gene- 
rated in  the  cells  which  render  the  platinum  wire  incan- 
descent were  equal  to  the  heat  generated  in  those  which 
produce  no  outside  heut,  then  the  heat  of  the  platinum  wire 
would  be  generated  out  of  nothing.  We  should  have  a 
creation  of  heat ;  and  this  would  be  opposed  to  the  principle 
of  et^uivalence,  in  the  pursuit  and  illustration  of  which 
we  are  now  engaged.  Thus  far  we  reason  and  infer ;  let  ua, 
however,  not  trust  to  inference,  but  fall  back  upon  ejcperi- 
ment.  Let  us  actually  measure  the  heat.  lu  the  lottery 
with  the  thick  wire  let  the  heat  developed  be  represented  by 
a  large  B,  the  heat  of  the  other  battery  being  represented 
by  a  small  b ;  in  the  latter  case  we  have  superadded  a 
quantity  of  external  heat  which  we  may  call  h.  Experi- 
ment proves  that 

fe  +  A  r^  R; 


in  other  words,  the  sum  of  the  external  and  internal  heata 
is  a  constant  quantity.  Thus  while  the  absolute  amotmt 
of  heat  generated  by  the  oxidation  of  one  ounce  of  Rinc 
is,  as  already  affirmed,  invariable,  it  may  be  distributed  in 
various  proportions  between  the  cells,  and  the  circuit 
external  to  the  cells.  The  sum  of  the  external  and  in- 
tcroal  heat  never  variea. 
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This  principle  of  ooDservation  caimot  be  eluded.  Let 
us  teat  it  by  another  erperiment.  Water,  you  knoir,  is 
decomposed  by  the  voltaic  cturcnt ;  and  before  you  (tig.  29) 
is  an  apparatus  which  enables  the  decozn position  to  oocur, 
and  the  resaltant  gases  to  be  collected.  Let  our  battery 
oootinue  to  decompose  the  water  until,  as  before^  an  ounce 
of  zino  has  been  oonsunaed.  The  xinc  in  the  buttery  fails 
to  yield  its  due  amount  of  heat-,  the  missing  quantity 
being  applied  to  the  work  of  external  decomposition.     But 

Fio.  S9. 


r 


take  the  gnsea  resttlting  from  that  decompoflition,  and 
caiise  them,  by  ignilinn,  to  recombine ;  the  exact  amount 
of  lieat  missing  in  the  battery  is  thus  restored. 

M'e  can  here,  in  passing,  solve  an  enigma  which  long 
perplexed  scientitic  men-  It  is  by  power  drawn  from  tl'c 
battery  that  we  are  able  to  effect  the  decomposition  of 
water  outside  the  battery;  but  the  maximum  power  of  the 
battery  is  expressed  by  the  amount  of  heat  it  can  produce 
when  no  external  heat  is  generated.    Hence,  if  a  demand 


Bsr 


HEAT  A  MODE  OP  MOTION, 


£ECr.  TJX. 


be  made  upon  it  greater  than  that  which  its  maximiini 
heat  can  supply,  the  demand  cannot  be  responded  to. 
This,  then,  is  the  eui^ajui^t  referred  to.  It  was  found 
that  wat-er  could  not  be  decomposed  by  a  single  cell,  while 
it  could  be  decomposed  by  two  cells  or  by  any  greater 
number.  Now,  the  law  of  electric  decomposition  is  thia: 
that  for  ever;  equivalent  of  zinc  consumed  in  the  battery 
an  equivalent  of  hydrogen  is  generated  in  the  voltameter 
outride.  But  the  equivalent  of  zinc  in  a  single  cell  pro- 
duces there  18,680  units  of  heat,  while  the  combustion  uf 
an  equivalent  of  hydrogen  produces  34,460  unita  of  h^at. 
To  decompose  water,  this  latter  amoimt  of  heat  would 
have  to  be  sacrificed  ;  and  it  is  obvious  that  a  single  cell 
which  generates  only  18,680  units  is  unable  to  meet  thia 
demand—  in  other  wordi*,  a  single  cell  is  incompetent  to 
decompose  water.  But  when  two  cells  are  coupled  together, 
we  have  37,400  unita  developed  by  their  joint  action ; 
and,  this  quantity  of  heat  being  in  excess  of  that  required 
for  the  decomposition  of  water,  the  two-cell  battery  is  com- 
petent to  effect  the  decomjxisition.' 

A  word  or  two  may  now  be  devoted  t^  the  electro- 
magnetic engine,  a  model  of  which,  devised  and  constructed 
by  that  most  able  mechanician,  the  late  M.  Froment  of 
Paris,  is  on  the  table,  ^^'hen  a  voltaic  current  is  sent 
through  the  machine,  in  virtue  of  the  electro-magnetic 
attractions  and  repulsions,  we  produce  rapid  rotation.  This 
motion  can  be  applied  to  pump  water,  to  raise  weights,  and 
to  do  various  other  kinds  of  work.  Let  us  start  the  machine 
itself  and  permit  it  to  remain  for  a  certain  time  in  action. 
At  the  end  of  this  time  it  is  found  warm,  from  the 
mechanical  friction  of  its  own  parts  and  from  other  causes. 
The  warmth  thus  observed  has  been  withdrawn  from  the 

'  It  Is  Doeouarjr  id  maklog  this  experiment  thnt  no  rnrroDt  ihould  Imvo 
prcTioiulx  pAHod  throogh  the  deoompoeltioa  ct'U.  For,  aided  bj  thv 
'  pol&riBalioo  *  o(  th«  etecteDdos,  a  oa; to  c«U  can  deoompcwe  w»Cer. 
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kittery,  the  zinc  disfiotved  during  the  time  of  rotation  not 
baviug  produced  in  the  celbs  tbemselvea  its  full  equivnlont 
of  heat.  And  when  we  yoke  the  machine  on  to  a  pump 
and  lift  water,  the  force  expended  would,  without  thifl  ex- 
penditure, have  appeared  as  heat  in  the  hatttiy,  which 
heat  is  accurately  restored  when  the  water  falls  again  to 
the  level  from  which  it  waa  raised.  Thus  all  the  efiects 
derived  from  the  magneto-electric  engine  are  strictly  com- 
pensated, this  '  payment  for  results*  being  the  inexorable 
method  of  nature.  The  excellent  researches  of  M.  Favre 
have  thrown  abundant  light  on  all  these  questions. 


HUSCULAB   ITEAT    IN    ItKLATION    TO    ^TOHIl. 

No  engine,  however  subtJy  devised,  can  evade  this  law 
of  equivalence,  or  perform  on  its  own  account  the  smalloflt 
modicum  of  work.  The  machine  distributes,  but  it  can- 
not create.  Is  the  animal  body,  which  undoubtedly  per- 
forms work,  to  be  classed  among  machines?  When  you 
lift  a  weight,  or  throw  a  stone,  or  climb  a  mountain,  or 
wrestle  with  a  comrade,  are  you  not  conscious  of  actually 
creating  and  expending  force?  Let  us  look  to  the  ante- 
cedents of  this  force.  We  derive  the  muscle  and  fat  of 
our  bodies  from  what  we  eat.  Animal  heat  you  know  to 
be  due  to  the  alow  combustion  of  this  fueL  My  arm  u 
now  inactive,  and  the  ordinary  slow  combustion  of  my 
blood  and  tissue  is  going  on.  For  every  grain  of  fuel 
tlms  burnt  a  perfectly  definite  amount  of  heat  has  been 
produced.  I  now  contract  my  biceps  muscle  without 
causing  it  to  perform  external  work.  The  combustion  is 
nuickened,  and  the  heat  is  increased;  this  additional  heat 
being  liljerated  in  the  muscle  itself.  I  lay  hold  of  a 
56  lb.  weight,  and  by  the  contraction  of  my  biceps  lift  it 
through  the  vortical  space  of  a  foot.  The  blood  and  tissue 
consumed  during  this  contraction  have  not  developed  in 
the  muscle  their  due  amount  of  heat.     A  quantity  of  heat 
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is  at  ihia  moment,  missing  in  the  muscle  which  would 
raise  the  temperature  of  an  ounce  of  water  »M>mewhat 
more  than  1*"  Kuhr.  1  liberate  the  weight :  it  falU  to  the 
earth,  and  hy  iU  collision  generates  the  missing  heat. 
Muscular  heat  i»  thus  transferred  from  its  local  he;irth  to 
external  space.  The  fuel  is  consumed  in  the  body,  but 
the  heut  of  combustion  is  produced  outside  the  body. 
case  is  subfitantiully  the  same  as  that  of  the  Voltaic 
battery  when  it  performs  external  work,  or  produces  ex- 
ternal beat. 

We  can  do  with  our  bodies  all  that  we  have  already 
done  with  the  battery — heat  platinum  wires,  decorapoj-e 
water,  magnetise  iron,  and  deSect  a  magnetic  needle. 
The  combustion  of  our  bodies  may  be  made  to  produce  all 
these  effects,  as  the  combustion  of  zinc  may  he  caused  tu 
produce  them.  By  turning  the  handle  of  a  magneto- 
electric  machiue,  a  coil  of  wire  was  caused  a  few  minutes 
ago  to  rotate  between  the  poles  of  a  magnet.  As  long  as 
the  two  ends  of  the  coil  were  unconnected  we  bad  idmply 
to  overcome  the  onlinary  inertia  and  friction  of  the 
machine  in  turning  the  handle.  But  the  moment  the  two 
ends  of  the  coil  were  united  by  a  thin  platinum  wire  a 
sudden  addition  of  labour  was  thrown  upon  the  turning 
arm.  Wlien  the  necessary  labour  was  expended,  its  cqiii- 
valent  immediately  appeared.  The  platinum  wire  glowed ; 
it  was  maintained  at   a  white   heat,   and   finally    fused. 

^From  the  muscles  of  the  arm,  with  a  temperature  of  100% 
extracted  the  temperature  of  molten  platinum,  which 

Tfl  nearly  4000°.  The  similarity  of  the  action  with  that 
of  the  Voltaic  battery  when  it  heata  an  external  wire 
is  too  obvious  to  need  pointing  out.  ^Mlo^  the  machine 
is  used  to  decompose  water,  the  virtual  heat  of  the 
muf^cle,  like  that  of  the  battery,  is  conmimed  in 
molecular  work,  being  fully  restored  when  the  gant 
recombine. 
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The  matter  of  the  human  body  is  the  same  as  that  of 
the  world  aroimd  u;ii ;  and  here  we  fiad  the  forces  of  the 
human  body  identical  with  those  of  inorganic  nature. 
Just  as  little  as  the  Voltaic  battery  is  the  animal  body  a 
creator  of  force.  It  is  an  apparatus  exquiidte  and  effeo- 
tual  beyond  all  others  in  transforming  and  distributing 
the  energy  with  which  it  is  aappUed,  but  it  possesses  no 
creative  power.* 

*  The  fording  pwragraphc  an  pxtncted  from  '  Fngmonts  of  8c{«Doe,* 
6tb  •ditioo,  toL  u.  p.  846i, 
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LBCTITRE   IV, 

"CBAVon  or  TOLum  pmnDocm  vr  kkat — BXTJuratov  or  •ouim — Tnaossnc 
BxriAiUTiuxs  OP  KxrAKSioir— TttB  TSKTKLTAH  iMBTRViuarr  — coirnucv 
TKUi  OP  murrcBS)   ihiiu-bvbbsk  bt  heat — vxPAifsioir  op   Ltamva 

— MAXUnnt   DEKSITT  OP  WATWi— OOXTBACTIOI*   ItT  HIUT  AWD   KXPAiniOy 

0T  00U> — FOBCi  OP  CBrsTAttiiATiox— Btrmsnua  op  ibom  zwrxtona — 
ooMiQPMwo  OP  niroaninrr  op  wAma  ui  KATtnta — B&AOft  op  fin' 

POKD's  SPBCin^TlOWS— RXPAIISIOM    OP    BIBinrTB   DI    CXTVrALLICnro — TM 
MSBCITBIAL  TmniioKxrsH. 

ATTBINX:— PVRTKU   SaHUtn  oar   DOATATtOK. 
iEXPAKSIOH    OF   80UDS   BT   HEAT. 

THERE  are  almost  iDnumeralde  ways  of  illustrating  tb« 
expansion  of  solids  by  beat.  A  closely- fitting  cylinder 
which  passes  through  a  round  bole  when  cold,  cannot  be 
forced  through  it  when  heated,  A  cold  bar  which  6ts 
between  the  two  sides  of  a  gauge  will  not  fit  when  heated. 
One  or  two  simple  illustrations  of  the  fact  of  expansion 
will  here  Bu6Sce.  Between  two  stout  upright  rods  of 
copper,  c  and  d  (fig,  30),  stretches  a  thin  platinum  wire. 
Over  the  axis  of  the  little  wheel,  w,  which  has  a  grooved 
edge,  slides  a  narrow  tube  which  permits  the  wheel  to 
rotate  freely.  One  end  of  the  platinum  wire  is  coiled 
round  the  narrow  tube.  A  small  weight,  dependent  from 
a  string  which  passes  over  the  grooved  edge  of  the  wheel, 
keeps  the  wire  gently  stretched.  The  wheel  is  accompanied 
in  its  motions  by  the  index,  r,  which  is  simply  a  long, 
light  straw.  If  the  wire  bo  tightened,  the  index  moves  in 
one  direction ;  if  it  be  relaxed,  the  index  moves  in  the 
opposite  direction.     The  binding-screw,  6,  is  permanently 
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Btptacbed  to  one  end  of  a  voItAic  battery,  while  a  wire  from 
ihe  other  end  is  held  in  the  hand.     Touching  the  rod,  D, 

Fn.  M. 


for  a  moment  with  this  free  wire,  the  battery  current 
paaaea  through  the  platinum  wire ;  it  is  heatod,  and  iu  cx- 
pajuion  is  instantly  declared  by  tbe  fall  of  the  index.  Ou 
breaking  the  circuit  the  wire  coob,  contracts,  and  tbe 
index  returns  to  its  firbt  position.  A  momentary  touch 
again  brings  the  index  down.  The  current^  thougli  con- 
venient, is  not  necessary;  the  flame  of  a  spirit  lamp 
pu^  along  tbe  wire  produces  the  same  effect. 

Again,  here  arc  two  wooden  stands,  a  and  b  (fig.  31), 
with  plates  of  brass  riveted  against  them.  Two  bars,  P7>% 
of  eqital  length,  one  of  them  brass,  the  other  iron,  are  not, 
as  you  observe,  sufficit-ntly  long  to  stretch  from  plate  to 
plate.  They  are  therefore  supported  on  two  little  projec- 
tions of  wood  attached  to  the  stands.  The  plate  of  brass 
to  the  left  is  connected  with  one  pole  of  a  voltaic  battery, 
D,  while  from  tbe  other  plate  a  wire  proceeds  to  the  little 
instrument  in  front  of  the  table ;  and  thence  to  the  other 
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pole  of  the  battery.  The  instrument  in  front  consists 
merely  of  an  arrangement  to  support  a  spiral,  o,  of  platinum 
wire,  which  will  glow  with  a  pure  white  light  when  the 
curreot  from  d  passes  through  it. 

At  the  present  moment  t!ie  only  break  in  the  circuit 
is  due  to  the  iasufficient  length  of  the  bars  of  brass  and 
iron  to  bridge  the  space  from  stand  to  stand.  Underneath 
the  bars  is  a  row  of  gas  jets,  which  I  will  now  ignite ;  the 

Fta.U. 


bars  are  heated  and  the  metals  expand.  The  spiral  remains 
for  a  time  non-luminous,  the  bridge  not  being  complete; 
but  now  it  brightens  up,  proving  the  extension  of  one 
or  both  the  bars  from  stand  to  stand.  On  removing 
the  iron,  the  platinum  still  glows :  restoring  the  iron,  and 
removing  the  brass,  the  light  disnppears.  It  was  the 
brass,  then,  that  bridgetl  the  gap.  So  thnt  wc  have  here 
an  illustration,  not  only  of  the  general  fact  of  expansion, 
but  also  of  the  fact  that  different  bodies  expand  in  dif- 
ferent degrees. 
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Leas  with  the  view  of  further  illustratiog  this  subject 
than  of  bringing  to  your  notice  the  devices  employed 
by  scientific  men  to  make  small  quantities  sensible, 
I  ask  your  attention  to  the  apparatus  in  front  of  the 
table.  Into  a  solid  block  of  wood  (No.  3,  fig.  32,  next 
page)  are  firmly  fixed  two  cylindrical  brass  pillars,  c  C, 
1  inch  in  diameter  and  35  inches  high.  Over  the  pillars 
pass  two  clamps,  o  o',  and  from  one  clamp  to  the  other 
stretches  a  cylindrical  cross-bar  1 1  inches  long  and  J  of 
an  inch  wide.  Tliis  bar  is  capable  of  two  motions ;  the 
first  up  and  down,  the  second  round  its  own  axi^.  To 
this  crosa-piece  is  attached  an  apparatus  a,  intended  to 
magnify  the  vertical  expansion  or  contraction  of  the  lead 
bar,  1 1.  On  the  top  of  this  bar  rests  one  end  of  a  small 
cylindrical  brass  rod  with  pointed  steel  ends.  This  rod 
fit«  accurately  into  a  brass  collar  (paiLially  seen  in  No.  2), 
moving  up  and  down  in  the  collar  with  the  least  possible 
friction.  The  other  point  of  the  rod  preBses  against  a 
plate  of  agate  very  close  to  a  pivot  round  which  the 
plat4i  can  turn.  The  agate  plate  is  attached  to  a  ))ra^ 
lever  of  the  third  order  2*1  inches  long,  the  fulcrum  of 
wliicb  is  the  pivot  just  mentioned.  Any  motion  of  the 
agate  against  which  the  steel  point  presses  is  magnified 
alwut  fifty  times  at  the  end  of  the  lever.  From  this  end 
a  piece  of  fine  steel  wire  passes  round  tiie  axis  of  a  ro- 
tating mirror,  which  turns  when  the  end  of  the  lever 
moves.  This  magnifying  apparatus  is  shown  on  a  larger 
Kale  in  No.  2,  where  u  is  the  mirror,  a  and  s'  two  eentr&- 
!>crew8  whose  pointa  constitute  the  pivot  round  which  the 
lever  turns,  b  is  a  small  counter- weight,  T  t  is  the  cross- 
piece  to  which  the  magnifying  apparatus  is  attached.  A 
naked  section  of  the  apparatus  is  also  given  in  No.  I, 
where  I  is  the  lead  bar,  f  the  brass  rod  with  the  pointed 
steel  ends,  divested  of  ita  collar ;  one  of  its  ends  pressing 
against  the  plate  of  agate  near  the  pivot,  as,  and  the  other 
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end  resting  upon  the  top  of  the  lead  bar  at  y.  From 
the  end,  l,  of  the  lever  the  sleel  fibre  pasaes  ronnd  the  axitt, 
a,  of  the  mirror  u.  Thus  the  effect  ia  multiplied,  first  by 
the  lever,  and  then  by  the  angular  motion  of  the  mirror. 

The  beam  from  otir  eleotric  lamp  now  &lls  upon  the 
mirror,  and  is  reflected  as  a  luminous  disk  to  the  top  of 
the  screen.  Breathing  against  the  bar  produces  a  sensible 
motion  of  the  disk.     Clasping  the  bar  carefully  with  the 

I  hand,  the  warmth  communicated  brings  the  disk  down 
through  a  vertical  space  of  SO  feet.  Projecting  against 
the  bar  a  fillet  of  warm  water  from  a  syringe-bottle, 
the  action  is  very  prompt  and  energetic.  Projectiog 
against  it  a  fillet  of  alcohol,  the  vaporisation  of  that 
liquid  chills  the  bar,  and  the  index  returns  from  the  floor 
to  the  ceiling.  This  instrument  was  devised  for  showing 
the  change  of  length  of  an  iron  or  bismuth  bar  by  the 
act  of  magnetisation;  but  applied  as  here  do^ribed,  it 
is  converted  into  a  thermoscope  of  oxceeding  delicacy.' 

Wliile  illustrating  experimentally  the  facts  of  expan- 
sion by  heat,  we  are  in  the  region  of  ordinary  experience  ; 
but  there  is  something  witliin  us  which  prevents  us  from 
resting  there-  What,  we  ask,  is  the  internal  mechanism 
by  which  expansioD  ia  effected  ?  Here,  again,  we  must 
help  ourselves  to  conceptions  of  the  invisible  by  reference 
to  the  visible.  An  experiment  will  make  the  matter 
clear.  Over  a  ring  burner  (tig.  33),  and  at  some  dJHtance 
above  the  fiame,  I  hold  a  bladder  containing  btit  a  little 
air.  Turning  it  briskly  round  so  as  ^  avoid  scorching, 
all  parts  of  the  bladder  are  heated  by  the  ascending 
current.  The  air  within  the  bladder  shares  the  heat  of 
its  envelope:  it  swells  in  consequence;  and  now  the 
bladder,  which  a  moment  ago  was  flaccid,  is  tightly 
stretched.     In  a  way  usual  to  the  human  mind  the  cxpau* 

'  Bj  an  iooilTerteiice  ihe  hu  tn  No.  t  aad  No.  2  U  ibovo  squMh 
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sion  of  atmospheric  air,  thufi  illustrated,  was  txansferred 
from  the  world  of  the  senses  to  the  re^on  of  atoms  and 
molecules.  These  were  supposed  to  be  sorrouuded  by 
atmospheres  of  caloric ;  and  it  was  simpW  the  expansion 
of  these  atmospheres  which  pushed  the  atoms  apart,  aud 
produced  the  observed  dilatation.  Such  was  the  explana- 
tion of  dilatation  by  heat  given  by  the  material  theory. 

Fio.  83. 


But  how  are  we  to  picture  such  dilatation  in  accordancft 
with  the  theory  which  regards  heat  as  a  mode  of  motion  f 
The  comparison  of  a  very  great  thing  with  an  indefinitely 
small  one  will  here  help  us  to  a  clear  conception.  I  once 
approached  Gibraltar  on  a  fine  star-light  nigiit  when  the 
planet  Jupiter  was  sharply  defined  on  a  clear  skj  (a, 
tig.  34).  On  walking,  however,  past  the  funnel  of  the 
ste&mer,  so  as  to  bring  the  heated  air  between  me 
and  it,  the  planet  suddenly  augmented  in  apparent  size, 
losing  at  the  same  time  part  of  its  sharpness  of  definition 
(b,  fig.  34).  The  expansion  was  evidently  due  to  the 
heated  air,  causing  the  image  of  the  planet  to  quiver  on 
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the  retioA.  Tliis  quivering  waa  in  all  directionB,  and  it 
was  BO  rapid  that  the  various  motioas  blended  upon  the 
retina  to  a  disc  of  augmented  «ize.  If,  instead  of  the 
{danet*8  Ught  being  acted  upon  by  heated  air,  the  planet 
itself  had  danced  in  all  directions  to  and  fro,  the  same 
apparent  augmentation  of  the  diao  would  have  ensued. 
Jupiter,  thus  quivering,  would  virtually  Ell  a  greater  space 
than  if  he  were  stilU  The  cage  is  similar  with  our  dancins: 
atom-s.  When,  instead  of  a  motionless  utom,  we  have  a 
vibrating  one,  we  must  make  room  not  only  for  the  atom  it- 
self, but  also  for  the  distance  over  which  its  motion  stretches 
The  caae  muy  be  further  illustrated  by  a  tuning-fork. 
Motionless  as  it  is  at  present,  its  prongs  tit  into  a  certain 


Fm.  34. 


space ;  thrown  into  vibration,  the  prongs  strike  against 
their  boundaries,  demanding  more  room.  Throwing  the 
shadow  of  a  large  vibrating  fork  upon  a  screen,  the  aug- 
mentation due  to  width  of  swing  is  rendered  clearly  visible, 
the  prongs  lilv^  the  planet,  losing  at  the  same  time  a 
portion  of  their  definition. 

The  range  of  this  atomic  vibration  differs  in  different 
bodies.  In  lead  and  zinc,  for  example,  for  the  same  in- 
crease of  temperature,  it  is  far  greater  than  in  irun.  In 
brass,  also,  which  is  an  alloy  of  zinc  and  copper,  it  is 
greater  than  in  iron.  Hence,  aa  we  have  seen,  brass,  on 
being  heated,  eipanda  more  than  iron.  The  architect  and 
engineer  have  to  exercise  care  in  combining  together  bodies 
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of  diSbrent  expansibilitieHJ  Of  these  two  rulers,  for 
example,  on*»  is  brass  and  the  other  iron,  and  they  are 
riveted  together  so  as  to  form,  at  thitj  tomperature,  a 
strai^^ht  compound  ruler.  But  when  the  temperature  is 
cbaoged,  the  ruler  is  uo  longer  straight.  If  heated,  it 
bends  in  one  direction ;  if  cooled,  it  bends  in  the  opposite 
direction.  W'heu  heated,  the  brass  expands  most,  and 
forms  the  convex  side  of  the  curved  ruler.  When  cooled, 
the  bro^s  contracts  most,  and  forms  the  concave  side  of 
the  ruler.  Facta  like  these  must,  of  course,  be  taken  into 
account  in  structures  where  it  is  necessary  to  avoid  dis- 
tortion. The  force  with  which  bodies  expand  when  heated, 
and  contract  when  cooled,  is  practically  irresistible.  All 
these  molecular  forces,  indeed,  though  operating  in  such 
minute  spaces,  are  alm«^t  infinite  in  energy.  The  con- 
tractile force  of  cooliog  has  been  applied  by  engineers  to 
draw  leaning  walla  into  an  upright  position. 

Before  you  are  some  Sasks  of  very  thick  glass — Bologna 
phials  as  they  are  called — which,  when  blown,  were  allowed 
to  cool  quickly.  The  external  portions  became  fir?t 
chille<l  and  rigid.  The  internal  portions  cooled  more 
gradually ;  but  they  found  themselves,  on  cooling,  sur- 
rounded, as  it  were,  by  a  rigid  shell,  on  which  they  exerted 
tiie  powerful  strain  of  their  contraction.  The  con- 
sequence is,  that  the  superficial  portions  of  these  flasks 
are  in  such  a  state  of  tension  that  the  slightest  scratch 
produces  rupture,  The  mere  dropping  of  a  little  bit  of 
hard  quartz  into  a  flask  causea  the  bottom  to  fly  out 
of  it.  Here  also  are  these  so-called  Rtipert  drops,  or 
Dutch  tears,  produced  by  glass  being  fused  to  drops,  and 
suddenly  cooled.  The  external  rigid  shell  has  to  bear  the 
strain  of  the  inner  contraction  ;  but  the  strain  is  distri- 
buted so  equally  all  over  the  surface,  that  no  part  gives 

'  The  eoeffidenU  of  expansioD  of  h  few  -rell-kDown  nbitAoeM  an 
£tr«n  in  the  Appendix  to  this  Lecturo, 


J 


r.  IT.      SLIDING    OF   LKAD   THROUGH    BIPAN810X.      05 

way.  But  by  simply  breaking  the  filament  of  gkss,  which 
forms  the  tail  of  the  drop,  the  solid  mass  explodes  to 
powder.  I  dip  &  drop  into  a  thin  medicine  bottle  filled 
with  water,  and  break  the  tail  outiside;  the  drop  is  shivered 
with  such  force  that  the  shock,  transferred  through  the 
water,  ia  sufficient  to  break  the  bottle  in  piecea.' 

A  very  curious  effect  of  expansion  was  observed,  and 
explained,  some  years  ago,  by  the  late  Canon  Moaeley. 
The  choir  of  Bristol  Cathedral  was  covered  with  sheet 
lead,  the  length  of  the  covering  being  60  feet,  and  its 
depth  19  feet  4  inchefl.  It  had  been  laid  on  in  the  year 
1851,  and  two  years  afterwards  it  bad  moved  bodily  down 
through  a  distance  of  eighteen  inches.  The  descent  had 
been  continually  going  on  from  the  time  the  lead  had 
been  laid  duwu,  and  au  attempt  made  to  stop  it  by 
driving  nails  into  the  rafters  had  failed ;  for  the  force 
of  descent  was  sufEcient  to  draw  out  the  nails.  The  ro<^f 
was  not  a  steep  one,  and  the  lead  would  have  rest<Hl  on 
it  for  ever,  without  sliding,  AMiat,  then,  was  the  cause  of 
the  descent?  Simply  thia.  The  lead  was  exposed  to  the 
varying  temperatures  of  day  and  night.  During  the  day 
the  heat  imparted  to  it  caused  it  to  expand.  Had  it 
lain  upon  a  horizontal  surface,  it  would  have  expanded 
equally  all  round;  but  as  it  lay  upon  an  inclined  surface, 
it  expanded  more  freely  downwards  than  upwards.  When, 
on  the  contrary,  the  lead  contracted  at  night,  its  upper 
edge  was  drawn  more  easily  downwards  than  its  lower  edge 
upwards.  Ita  motion  was  therefore  t)  at  of  a  common 
earthworm  ;  it  pushed  iU  lower  oigo  furward  during  the 
day,  and  drew  ita  upper  edge  after  it  during  the  night, 
and  thus  by  degrees  it  crawled  through  a  space  of  eighteen 
iaches  in  two  years.  Every  minor  change  of  temperature 
during  the  day  and  during  the  night  contributed  also  to 

'  This  knoiTD  priociplr  hu  been  recenlljmpplied  to  ihe  uploiiau  of 
bombiholla.    It  haa  pvobobly  ao  importftot  fatim. 
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the  result;  indeed  Canon  Moseley  afterwards  found  the 
main  effect  to  be  due  to  these  quicker  alternatiooa  uf 
temperature. 

Not  only  do  different  bodies  expand  differently  by 
beat,  but  the  same  body  may  expand  differently  in  different 
directions.  In  crystals,  the  atoms  are  so  laid  together 
that  along  some  lines  they  are  more  closely  packed 
than  along  others.  It  ia  aluo  likely  that  the  atoms 
of  many  crystalline  bodies  oscillate  more  freely  and  widely 
in  some  directions  than  in  others.  The  consequence  of 
this  would  be  an  unequal  expansion  by  heat  in  different 
directionfi.  Iceland  spar  was  proved  by  Mitsoberlich  to 
expand  more  along  its  cryfftallographic  axis  than  in  any 
other  direction.  Nay,  while  the  crystal  expands  as  a  whole 
— that  ia  to  say,  while  its  volume  is  augmented  by  heat- 
it  actually  contracts  on  being  heated,  in  a  direction  at 
angles  to  the  crystallographio  axis.  Many  other  crystals 
also  expand  differently  in  different  directions ;  and,  I  doubt 
not,  most  organised  structures  would,  if  examined,  exhibit 
the  aune  fact. 


THE  TltETELTA5   INSTBCHEEtT. 

Before  finally  quitting  the  expansion  of  solids,  I  wish  to 
show  you  an  experiment  which  illustrates  in  a  curious  and 
agreeable  way  the  conversion  of  heat  into  mechanical 
energy.  The  fact  to  be  reproduced  was  first  observed 
by  Schwartz,  in  one  of  the  smelting  works  of  Saxony. 
A  quantity  of  silver  which  bad  been  fused  in  a  ladle 
was  left  to  solidify,  and  to  hasten  its  cooling  it 
was  turned  out  upou  an  anvil.  8ome  time  afterwards 
a  strange  buzzing  sound  was  heard  in  the  locality. 
The  sound  was  finally  traced  to  the  hot  silver,  which  ■ 
was  found  quivering  upon  the  anvil.  Many  yean ' 
BubAcquenb  to  this,  Mr.  Arthur  Trcvelyan  chanced  to  be 
Qsing  a  hot  soldenng-iron,  which    he   laid  by  accident 
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against  a  piece  of  lead.     Soon  afterwardfi,  his  attention 
LWa8  excited  by  a  most  HiDgnlnr  suuud,  wbich,  after  some 
ching,  was  found  to  proceed  from   tlie  8ulderiug-iron. 
Like  the  silver  of  Schwartz,  the  soldering-iron  was  in  a 
Lctate  of  vibration.     Mr.  Trevelyan  ma<le  his  discovery  the 
rsubject  of  a  very  interesting  investigation.     He  determined 
the  best  form  to  be  given  to  the  *  rocker,*  as  the  vibrat- 
ing mass^is  now  called  ;  and  throughout  Europe  this  in- 
strument is  known  as  '  the  Trevelyan  Instrument.^     These 
carious  vibrations  and  tones  have  engaged  the  attention 
of  Principal   J.    D.    Forbes,  Dr.   Seebeck,  Mr,  Faraday, 
M.  Soudhaus,  and  myself;  but  to  Trevelyan  and  Seebeck 
most  of  our  knowledge  regarding  the  subject  is  to   be 
ascribed. 

Before  you  is  a  brass  rocker  (fig.  35),  whose  length, 
AC,  is  6ve  inches;  the   width,  a  d,  I'd  inch;    and  the 


length  of  the  handle,  which  terminates  in  the  knob  F, 
ten  inches.  Along  the  back  of  the  rocker  runs  a  groove 
which  is  shown  in  the  cross-section  given  at  u.  Heat- 
the  rocker  to  a  temperature  not  sufficient  to  fuse 
,  we  lay  it  on  a  block  of  that  metal,  allowing  its  knob 
to  rest  upon  the  table.  You  hear  a  quick  succession  of 
forcible  taps ;  but  you  cannot  see  the  oscillations  of  the 
er,  to  which  the  taps  are  due.  I  therefore  place  on  it 
a  brass  rod  a  b  (fig.  36),  with  a  ball  at  each  end;  the 
osclUatioos  are  thereby  rendered  much  slower,  and  you 
can  easily  follow  with  the  eye  the  pendulous  motion  of 
the  balls.  This  motion  will  continue  as  long  as  the 
rocker  ia  able  to  cummuuicatti  sufficient  heat  to  the  carrier 
on  which  it  rests.     The  vibrations  can  be  rendered  (^uickef 
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by  using  a  rocker  with  a  wider  gjoove.  IMacing  such  a 
rocker  upon  the  lead,  as  before,  it  fills  the  room  with  a 
clear  full  note.  Its  tapR  are  periodic  and  regular,  and 
BO  rapid  tbat  they  have  linked  themselves  together  to  pro- 
duce music 

These  singular  vibrations  and  tones  are  an  effect  of 
expansion.     Whenever  the  hot  metal  comes  into  contact 

Fro.  36. 


with  its  lead  carrier,  a  nipple  suddenly  juts  from  the 
latter,  being  produced  by  the  heat  communicated  to  the 
lead  at  the  point  of  contact.  The  rocker  is  thus  tilted 
np.  Some  other  point  of  it  comes  immediately  into 
contact  with  the  lead,  a  fresh  nipple  is  formed,  and  the 
rocker  is  again  titled.     Let  a  d  (6g.  37)  be  the  surface  of 

Fio.  37. 

.   <^    '^  . 

the  lead  carrier,  and  B  the  cross-section  of  the  hot  rocker. 
Tilted  to  the  right,  the  nipple  is  formed  as  at  R  ;  tilted  to 
the  loft,  it  is  formed  as  at  l,  the  nipple  in  each  case  dis- 
appearing as  soon  as  the  contact  witli  the  rocker  ceases. 
The  consequence  is,  tliat  while  its   temperature  remains 
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Bufficieotly  high,  the  rocker  ia  tossed  to  and  fro,  and  the 
quick  succession  of  iU  taps  against  the  \pm\  produces  a 
musical  sound. 

In  the  Trcveljran  experiment  the  great  point  is  to 
secive  Ictcal  expansion,  which  requires  certain  conditions 
to  be  fulfilled.  The  rocker  ought  to  be  a  good  conductor, 
and  jield  its  heat  freely  to  the  mass  underneath.  Brass 
&irly  fulfils  this  condition.  The  carrier  ought  to  have  a 
high  coefficient  of  expansion  ;  it  ought  also  to  be  an  imper- 
fect conductor;  for  otherwise  the  beat,  instead  of  being 
coDoentrated  at  the  point  of  contiict,  and  suddenly  produc- 
ing a  nipple  there,  would  be  difiTiused  throughout  the  nuuts. 
Lead  fultiU  both  these  conditions.  Zinc,  though  po9se8»^ 
ing  as  high  a  coefficient  of  expansion  as  lead,  does  not 
make  a  good  rocker,  mainly  because  of  its  high  '  capacity ' 
for  beat.  Equal  quantities  of  heat  communicated  to 
equal  weights  of  lead  and  zinc  make  the  increase  of  tem- 
perature of  the  former  three  times  that  of  the  latter. 
This  question  of  capacity  shall  be  fully  discussed  sub- 
sequently. What  has  been  here  stated  shows  the  vaiiety 
of  considerations  which  come  into  play,  in  thoroughly 
disentangling  what  might  bo  considered  a  very  simple 
physical  problem. 

The  localisation  of  the  heat  may  be  effected  by  vary- 
ing the  shape  of  the  carrier.  A  brass  block  will  not 
answer,  but  two  brass  pins  placed  upright  in  a  vice  will 
cause  a  ro.-ker  to  oscillate.  By  devices  of  this  kind,  an 
shown  by  Secbeck,  all  aolid  metals  may  be  rendered 
effective  as  carriexi.  The  inclusion  of  minerals  such  a« 
rock-salt,  rock-crystal,  fluor-spar,  chalcedony,  Jcc,  in  the 
list  of  carriers  was  effected  by  myself.  A  very  pretty 
experiment  by  Mr.  George  Gore,  wherein  a  light  metal 
ball  is  caused  to  roll  along  heated  metal  rails,  is  to  he 
explained  in  the  same  manner  as  the  vibrations  of  the 
Trevelyan  rocker. 
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IjODked  at  with  reference  to  tlie  connection  of  natural 
forces,  the  Trevelyan  experiment  is  not  without  interest. 
The  atoms  of  bodies  mast  be  regarded  as  all  but  infinitely 
small,  but  then  they  must  be  regarded  as  all  but  infinitely 
numerous.  The  augmeutatiou  of  the  amplitude  of  any 
oscillating  atom  by  the  communication  of  heat  may  be  in- 
pensible;  but  the  summation  of  au  almost  iuGuite  number 
of  such  augroentations  becomes  sensible.  Such  a  summa- 
tion, elTected  almost  in  an  instant,  produces  the  nipple, 
and  tilts  the  heavy  mass  of  the  rocker.  Here  we  have  a 
direct  conversion  of  heat  into  common  mechanical  motion. 
The  nipple  is  neither  as  hot  nor  as  high  as  it  would  be  if 
it  had  nut  lifted  the  rocker.  The  tilted  rocker  falld  a^aiu 
by  gravity,  and  in  its  collision  with  the  block  restores 
the  precise  amount  of  heat  which  was  consumed  in  lifting 
it.  Here  we  have  the  conversion  of  gravitating  force  into 
heat.  Again,  the  rocker  is  surrounded  by  the  air  of  this 
room,  wliich  weighs  some  tons,  every  particle  of  which, 
and  every  tympanic  membrane,  and  tavery  auditory  nerva 
present,  is  shaken  by  the  rocker.  I'bus  we  have  the  con- 
version of  a  portion  of  the  heat  into  sound.  Finally, 
every  sonorous  vibration  wljich  speeds  through  the  air  and 
wastes  itself  upon  the  wallp^  seats,  and  cushions  of  this 
room,  is  converted  into  the  form  with  which  the  cycle  of 
actions  began — namely,  into  heat. 


COSTBACnO'    Of   STUETOnKO    INDIA-BDBBEB   BY    HEAT. 

Nature  is  full  of  anomalies  which  no  foresight  can 
predict,  and  which  experiment  alone  can  i^veal.  From 
the  deportment  of  a  vast  number  of  bodies,  we  should  be 
led  to  conclude  that  heat  always  produces  expansion,  and 
that  cold  always  produces  contraction.  We  have  now  to 
notice  a  first  exception  to  this  general  rule.  If  a  metal  be 
compressed,  heat  is  developed;  but  if  a  wire  be  stretched, 
cold  is  the  result.     T)r.  .Toule  and  others  have  worked  ei- 
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perimentallj  at  this  subject^  and  fbiuid  this  fact  all  but 
general.  Qne  Ftrikin^  exception  to  the  nile  (there  are 
probably  toany  atben)  has  been  known  for  a  gr^ut  number 
of  jears.  The  sb^t  of  india-rubber  now  banded  to  me 
has  been  plac<?d  in  the  next  room  to  keep  it  quite  cold. 
Cutting  from  this  sheet  a  ^trip  three  inches  long,  and 
an  inch  and  a  half  wide,  and  turning  our  thermo-pile  upon 
ita  hack,  I  lay  upon  its  exposed  face  the  strip  of  indui- 
rubber.  The  deflection  of  the  needle  proves  that  the  rubber 
is  cold.  Laying  hold  of  the  ends  of  the  ftlrip,  I  suddenly 
stretch  it,  and  press  it,  while  stretched,  on  the  face  of  the 
pile.  The  needle  moves  with  enei^,  showing  that  tb^ 
stretched  rubber  has  heated  the  pile. 

Bat  one  deviation  &om  a  rule  always  carries  other 
deviations  in  ita  train.  In  the  phystical  world»  as  in  the 
moral,  acts  are  never  isolated.  In  many  of  hia  inveBtig:i- 
tiona  Dr.  Joule  has  been  associated  with  Sir  William 
Thomson,  who,  when  made  aware  of  tlie  deviation  of 
india-rubber  from  an  almost  general  rule,  suggested  on 
tliaoretic  grounds  that  the  stretched  india-rubber  might 
ahorUTij  on  being  heated.  The  test  was  applied  by  Joule, 
and  the  shortening  was  found  to  take  place '  This 
singular  experiment,  thrown  into  a  suitable  form,  is  now 
to  be  made  in  yoiu*  presence. 

To  tbe  horizontal  arm,  aa  (fig.  38),  is  &stened  a 
length  of  common  vulcanised  india-rubber  tubing,  stretched 
by  a  weight,  w,  of  ten  pounds,  to  about  three  times  its 
normal  length.  The  index,  i  i,  is  formed  first  of  a 
piece  of  light  wood  moving  freely  on  a  pivot,  being 
prolonged  by  a  stout  straight  straw.  At  the  end  of 
the  straw  is  placed  a  spear-shaped  piece  of  paper, 
which  can  range  over  a  gradiutcd  circle.  The  index  is 
now  pressed  down  at  t,  by  a  projection  attached  to  the 
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weight.     If  the  weight  should  be  lifted  by  the  contracUoa 
Pjq  ..  of  tlie    iudia*njbber,    the    index 

will  follow,  being  drawn  after  it 
*  by  a  spring,  a  a,  which  acts  upon 
the  short  arm  of  the  lever.  The 
india-rubber  tube  passes  through 
a  aheefc-iron  chimney,  c,  through 
which  a  current  of  hot  air  can  be 
caused  to  ascend  from  the  lamp,  L. 
On  pUciag  the  lamp  in  position 
the  index  rises,  showing  that  the 
rubber  contracts,  as  Sir  W.  Thom- 
son anticipated.  Bj  continuing 
to  apply  the  heat  for  a  minute  or 
so,  the  end  of  the  index  is  caused 
to  describe  an  arc  fully  three 
feet  long,  Withdrawing  the  lamp, 
the  india-rubl>er  rci  urns  to  it« 
former  temperature,  and  iu  doing 
so  it  lengthens ;  the  index  move« 
downwards,  and  now  it  rests  even 
below  the  position  which  it  oc- 
cupied at  first. 
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SXPA5S10H   or  UqnSS   it    HKiT — KXCXmOSCSL 

To  illiutrate  the  expaodoa  of  UqiwU  bj  httt  we 
take  a  Florooce  flask  filled  with  alcohol,  and  tightly 
eorked.  Through  the  cork  a  tobe,  tf  (fig.  3St),  panes 
water-tight,  the  liqaid  Btanding  at  some  height  above  the 

Vm.  39. 


ootk  in  the  tube.  When  the  lic^uid  ia  the  flask  in  heated  it 
will  expand  and  riae  in  the  tnbe.  To  enable  you  to  see  it 
rising,  tbo  tube  <f  is  placed  in  front  of  the  electric  lamp 
K,  a  strong  beam  of  light  being  sent  across  it  where  the 
liqiiid  column  ends.  In  tront  of  the  tul>e  is  placed  a  lens 
Lt  which  casts  an  enlarged  image  i*  of  the  column  upon 
the  screen.  It  ia  needless  to  say  that  the  image  is  inverted, 
and  that  when  the  alcohol  expands,  the  top  of  the  oolumn 
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will  descend  along  the  screen.  I  might  apply  a  flame  to 
heat  the  alcohol*  but  dearly-bought  experience  warns  me 
of  the  danger  of  doing  so,  for  the  cracking  of  the  flask 
would  be  followed  by  a  combuation  very  difBcult  to  quench. 
I  therefore  611  a  beaker,  n,  with  hot  water,  and  raise  the 
beaker  so  that  the  hot  water  iiball  surround  the  alcohol. 
For  a  moment  the  head  of  the  column  ascends^  as  if  the 
liquid  contracted  on  the  application  of  the  heat.  But  in 
a  moment  this  motion  ceases,  descent  begins,  and  it  will 
coDtinue  permanently.  But  why  the  first  ascent  ?  It  is 
not  due  to  the  contraction  of  the  liquid,  but  to  the  mo- 
mentary expansion  of  the  flask,  to  which  the  heat  is 
first  communicated.  The  glass  expands  before  the  heat 
can  fairly  reach  the  liquid,  and  hence  the  column  blU ; 
but  the  expansion  of  the  liquid  soon  exceeds  that  of  the 
glass,  and  the  column  rises.  We  are  here  taught  that 
the  observed  diUtatiou  of  the  liquid  does  not  give  us  its 
true  augmentation  of  volume,  but  only  the  difference  of 
dilatation  between  it  and  the  gloss. 

With  another  flask  exactly  equal  in  size  to  the  former, 
but  Riled  with  water,  I  repeat  the  experiment  made  with 
the  alcohol.  You  notice,  first  of  all,  the  transitory  effect 
due  to  the  expansion  of  the  glass,  and  afterwards  the 
permanent  expansion  of  the  liquid ;  but  you  observe  that 
the  dilatation  proceeds  much  more  slowly  than  in  the  case 
of  alcohol.  Liquids  more  volatile  than  alcohol  expand  still 
more  rapidly.  The  expansion  of  liquid  carbonic  acid,  for 
example,  far  exceeds  that  of  alcohol.  Now  we  might 
examine  a  hundred  li<iuid8  in  this  way,  and  find  them  all 
expanding  by  heat,  and  we  might  thus  be  led  to  conclude 
that  expansion  by  heat  is  a  law  without  except iun ;  but 
we  should  err  in  this  conclusion.  It  is  really  to  illustrate 
an  exception  of  this  kind  that  this  flask  of  water  has  been 
introtlucod. 

1  will  now  throw  thii>  experiment,  which,  although  rarely 
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made  in  lectures,  is  one  of  great  phjaicil  ntetciCy  into  b 
form  vliich  will  enable  tou  to  repeat  it  with  eeiUiatji. 
For  practi cal  reasons  I  aliaodoD  tbe  rmttA  B,  figw  39,«id  hnfc 
the  flask  ooDtainiiig  the  water  with  tke  flame  of  a  ■pint 
lamp.  The  column  riaee,  and  we  wiD  pcfmit  tt  to  riee  tiO  it 
reaches  the  top,  t,  of  tbe  tube  aod  triddes  ^ner.  It  aov 
does  so  before  your  eyes.  I  next  trander  tbe  fiaek  to  a 
sin,  and  rapidly  eturound  it  with  a  auxtare  at  pomdal 
1  and  salt.  The  liquid  Godnmi  iamediately  begtaa  to 
sink,  because  of  tbe  coatndioo  of  the  viter  in  the 
flask.  Give  the  experiment  joar  patience.  Tba  ■ahiag 
nf  the  column  oonUnoes  for  a  tine,  bat  H  bnwiwi  aaore 
and  more  slow,  and  finallj  it  ecaaci  altogether.  Tbe 
column  halts  motionlass  for  a  brief  interval,  and  now  it  is 
visibly  rising.  The  cold  here  sets  the  part  plajed  bf  the 
heat  a  few  minutes  ago.  The  liquid  eolnmn  gndoally 
approaches,  and  at  length  attains  tbe  top  of  the  tube ;  and 
now  the  wat«r  trickles  over  as  before.  The  ezperiioeDt  is 
an  impressive  one.  If  beat  be  now  applied  to  onr  fla^ 
tbe  action  is  immediately  rerened ;  the  eofanna  desBfnds, 
showing  the  oontraciioa  of  the  water  hf  beat.  After 
a  time  contraction  eeasea,  and  penoanent  ezpauioD 
sets  in.  Here,  then,  we  have  Nature  pausing  in  ber 
ordinary  course,  and  rereniog  ber  ordinary  habits.  The 
&ct  is,  that  the  water  goes  en  contracting  tUl  it  leacbes 
a  temperature  of  30^  Fedtr.,  or  4*  Cent.,  at  which  point 
the  contraction  ceases.  This  is  the  poijU  of  rruiximum 
den»iiy  of  water;  from  this  downwards,  to  it«  freezing 
point,  the  liquid  expands;  and  when  it  is  converted  into 
ice,  tbe  expansion  is  sudden  and  considerable.  Ice,  we 
know,  swims  upon  water,  being  lightened  by  this  ex- 
pansion. 

The  force  with  which  water  expands  in  freezing  is  all 
but  irresistible.  With  the  view  of  giving  you  an  illuBtra- 
lion  of  this  fact,  water   has  been  confined    in  this  iron 
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bolUe  which  is  fuUy  half  an  inch  thick;  the  quaotity  of 
water  l}eiiig  small,  though  sut^cient  to  fill  tlio  bottle. 
The  bottle  is  closed  by  a  screw  firmly  fixed  in  ita  neck. 
Two  bottles  thus  prepared  are  placed  in  a  copper  vessel^ 
and  surrounded  with  a  freeziug  mixture.  They  cool 
gradually,  the  water  within  them  approaching  its  point  of 
maximum  density.  No  doubt,  at  this  moment,  a  small 
vacuous  space  exists  within  each  bottle.  But  soon  the 
contraction  ceases,  and  expansion  sets  in.  The  vacuous 
space  is  slowly  fill(;<l,  the  water  gradually  changes  from 
liquid  to  solid.     To  acoumplish   this  change  it  requires 
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more  room,  which  the  rigid  iron  refuses  to  grant.  But 
its  rigidity  is  powerless  in  the  presence  of  these  molecular 
forces,  and  the  sound  you  now  hear  indicates  that  the 
bottle  is  shivered  by  the  crystallising  molecides,  Tlie 
other  bottle  follows ;  and  here  are  the  fragments  of  the 
vessels,  showing  their  thickness,  and  impressing  jou  with 
the  vastness  of  the  expansive  force  by  which  they  have  been 
thus  riven,'  While  I  have  been  speaking,  you  have  heard 
a  louder  explosion  in  front  of  the  table.  That  was  due 
to  the  rupture  of  a  thick  bombshell  kindly  prepared  for 

*  KatMi  ejMnden,  ah  inch  In  itiiokni'ss,  mc  niiahlo  to  rct>t»t  ibe  dMom-  j 
pwiog  forca  of  a  small  giUTKmc  bnttorf.  M.  Guuiot  has  burst  monj  nob  j 
flrjrlindon  I7  ilftctrolytic  gia. 
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me  at  Woohrich  hj  Pro&anr  Abet  It  was  filled  vikk 
water,  screwed  up  tight,  placed  in  a  bucket  and  sonouaded 

by  a  freezing  mixture.  Taken  troax  the  mixture  the 
fragme&te  of  the  bomb  are  pbced  here  before  jou  (6g, 
40).  Care  mu^  be  taken  in  repeating  this  experimeni;  to 
coTer  tiie  bucket  with  a  thick  cloth.  Wanting  such  pro- 
tection I  have  seen  the  stopper  of  a  broken  bomb  projected 
nearly  as  high  as  this  ceiling. 

You  have  now  no  difficulty  in  underBtanding  the 
eBect  of  frosty  weather  upon  the  water-pipes  of  your 
houses.  Before  yoa  are  some  pieces  of  such  pip^s,  all  rent. 
You  become  first  sensible  of  the  damage  when  the  thaw 
seta  in,  but  the  mischief  is  really  done  at  the  time  of 
freezing;  the  pipes  are  then  burst,  and  through  tlie  reota , 
the  water  escapes,  when  the  ice  liquefies. 

Let  us  cDdeavour  to  obtain  a  mental  imager  even  If  it 
be  only  an  approximation  to  the  truth,  of  the  procewei 
and  power  here  illu:strated.  First,  tlicD^  it  ia  to  be  noted 
that  the  cliange  from  contraction  to  expansion  by  dimi- 
nution of  temperature  does  not  occur  until  tlte  water 
approaches  the  poiot  where  it  forsakes  the  liquid,  and , 
aoBumes  the  solid  crystalline  form.  The  ice-crystal  uccupiea  ] 
a  volume  larger  by  one-eighth  than  the  water  from  which 
it  ia  produced ;  hence  it  is  that  ice  swims  upon  the  water 
as  the  lighter  body.  Now  the  enlargement  in  the  case  of 
the  CTTBtal  can  only  be  due  to  the  rearrangement  of  the 
water  molecules ;  and  this  rearrangement  can,  in  its  turn, 
only  be  due  to  molecular  forces  which  come  first  sc;nsibly 
into  play  at  a  low  temperature.  Like  minute  magnets 
t)ie  molecules  are  gilted  with  mutually  attractive  and 
repellent  poles,  the  action  of  which  is  iusenaible  until  they 
have  been  drawn  by  diminution  of  temperature  sufficiently 
near  each  other.  The  temperature  39°  Fahrenheit  marks 
the  point  where  the  tendency  of  the  moleculea,  as  wholes, 
to  approach  each  other,  is  exactly  neutralised  by  the  auta- 
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gonistic  action  of  their  poles;  while  from  39*  to  32**  the 
polar  forces  are  more  and  more  predominant,  their  triumph 
culminating  in  the  act  of  solidification.  The  whole  process^ 
then,  of  expansion  from  39"  to  32°  is  to  he  re^rded  as 
incipient  crysUUisation,  which  ends  in  the  locking  together 
of  the  poles  at  the  lower  temperature. 

Our  conceptiona  here  may  be  helped  by  a  model  which 
will  show  how  an  augmentation  of  volume  may  result  from 
molecular  polar  action.  The  molecule  of  wat-er  is  composed 
of  three  atoms — one  of  oxygen  and  two  of  hydrogen.  I>et 
the  shaded  triangles  in  the  adjacent  figure  (fig.  41)  repre- 
■ent  the  spaces  taken  up  by  the  moleotdes.     Suppose  the 
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points  marked  A  to  be  mutually  attractive,  and  those 
marked  b  mutually  repellent,  and  that  the  position  of  the 
triangles  as  shown  in  the  figure  corresponds  to  the  maxi- 
mnm  density  of  water.  Then  the  retreat  of  the  poles 
n  from  each  otlier,  and  the  approach  of  the  poles  a 
towards  each  other,  causing  each  molecule  to  rotate,  will 
produce  an  encroachment  of  the  molecules  upon  the 
circumjacent  space.  This  is  nbown  in  an  exaggerated 
form  in  fig.  42.  It  is  some  such  encroachment  ^as  that 
here  xtidely  figured  as  a  possible  molecular  action,  which 
our  bombshell  proved  unable  to  withstand. 
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It  is  h&rdlj  necessary  for  me  to  saj  a  word  on  the 
importance  of  this  property  of  water  in  the  economy  of 
naiare.  Rumford  was  so  impressed  with  it  that  be  devoted 
a  whole  chapter  to  speculations  regarding  it.  '  It  does  not 
appear  to  me,'  he  writes,  *  that  there  is  anything  which 
human  sagacity  can  fathom,  within  the  wide-extended 
btmnds  of  the  visible  creation,  which  aSTords  a  more  strik- 
ing or  more  palpable  proof  of  the  widdom  of  the  Creator, 
and  of  the  special  care  He  has  taken  in  the  general  arrange- 
ment of  the  onivenie  to  preserve  animal  life,  than  this 
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wonderful  contrivance/  Rumford's  enthutfiasm  was  excited 
by  considerations  like  the  following :  Suppose  a  lake  exposed 
to  a  clear  wintry  sky.  The  superficial  water  is  6r3t  chilltxl ; 
il  contracts,  becomes  heavier,  and  sinks  by  its  superior 
weight,  its  place  being  taken  by  the  lighter  water  from 
below.  In  time  this  is  chilled  and  sinks  in  its  turn. 
Thus  a  circulation  is  established,  the  cold  dense  water 
descending,  and  the  lighter  and  warmer  water  rising  to  the 
top.  Supposing  this  to  continue,  even  after  the  first  pellicles 
of  ice  have  been  formed  at  the  surface  ;  the  ice  would  sink, 
and  the  process  would  not  cease  until  the  entire  water  of 
the  lake  would  besoUdified.  Death  toevery  living  thing  in 
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the  wat*ir  woiild  b©  the  consequence.  But  just  when  mat- 
ters become  critical,  Nature,  tipeakiag  poetically,  steps 
aside  from  her  ordinary  proceeding,  causes  the  water  to 
expand  by  cooling,  and  the  cold  water  to  swim  like  a  scum 
on  the  surface.  SolidiBcatioa  ensues,  but  thu  Bolid  is 
much  lighter  than  the  subjacent  liquid,  and  the  ice  forms 
a  protecting  roof  over  the  living  things  below. 

Sumford  obviously  regarded  this  behaviour  of  water 
as  a  solitary  exception  to  the  general  laws  of  nature. 
*  Had  not  Providence,*  he  says,  '  interfered  on  this  occasion 
in  a  manner  which  may  well  be  considered  as  miracic- 
laujii  the  solitary  reign  of  eternal  frost  would  have  spread 
on  every  side  frctm  the  poles.  '  In  latitudes  where  now 
the  return  of  Spring  is  bailed  by  the  voice  of  gladneds, 
where  the  earth  decks  herself  in  her  gayest  attire,  and 
millions  of  living  beings  pour  forth  their  songs  of  joy  and 
gladness,  nothing  would  have  been  heard  but  the  whistling 
of  the  rude  winds,  and  nothing  seen  but  ice  and  snow, 
and  flying  clouds  charged  with  wintry  tempests/  He 
begs  the  reader  s  candour  and  indulgence  while  be  investi- 
gates the  subject.  '  I  feel,'  he  says, '  the  danger  to  which 
a  mortal  exposes  himself  who  has  the  temerity  to  under- 
take to  explain  the  designs  of  Infinite  Wisdom.*  But 
though  he  admits  the  enterprise  to  be  adventurous,  he 
contends  that  it  cannot  be  improper. 

Facts  like  those  disctis^d  by  Kumford  naturally  and 
rightly  excite  the  emotions.  Indeed,  the  relations  of  life 
to  the  conditions  of  life — the  general  adaptations  of 
means  to  ends  in  Nature — excite,  in  the  profoundest 
degree,  the  interest  of  the  philosopher.  But  in  dealing 
with  natural  phenomena,  the  feelings  must  be  carefully 
watched.  They  often  lead  us  unconsciously  to  overstep 
the  bounds  of  real  knowledge,  and  to  run  into  generalisa- 
tions which  are  in  perpetual  danger  of  being  overthrown. 
Give  place  to  the  emotions  by  all  means ;  they  belong  to 
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tbe  forces  of  nature ;  but  let  them  be  wisely  giiided  and 
securely  based.  Let  not  the  vine  of  feeling  twioe  itself 
roTind  a  decaying  stem,  lest  the  fall  of  the  8tem  should 
eodanger  the  life  of  the  vine.  Kumford  wiis  wrong  in- 
BUpposiiig  that  the  case  of  water  illustrated  a  miraculoufl^ 
interpositioa  of  Providence ;  for  the  case  is  not  an  isolated 
one.  Before  jou  is  an  iron  bottle  rent  from  neck  to 
bottom ;  and  when  it  is  broken  with  a  hammer  you  see  a 
core  of  metal  witbin.  The  metal  is  bismuth,  which  was 
poured  when  molten  into  this  bottle  and  confined  there 
by  a  tightly  fitting  screw,  exactly  as  the  water  was  con- 
fioed.  The  metal  cooled,  solidified,  expanded,  and  the 
force  of  expansion  sufficed  to  rend  the  bottle.  There  is  noj 
life  here  to  be  saved,  still  the  bibmuth  accurately  imitat«t^ 
the  behaviour  of  water.  Once  for  all,  it  may  be  said  that 
the  natural  philosopher,  as  such,  has  nothing  to  do  with 
purposes  and  designs.  His  vocation  is  to  inquire  what 
Nature  is,  not  why  she  is;  though  he,  like  others,  and 
he  more  than  others,  must  stand  at  times  rapt  in 
wonder  at  the  mystery  in  which  he  dwells,  and  towards 
the  final  solution  of  which  bis  studies  fail  to  furnish  him 
with  a  clue. 


THX   URRCQBIAI.   TnERUOUETEB. 

The  mercurial  thermometer  presents  an  important 
illustration  of  the  expansion  of  liquids  by  heat.  Water 
owes  its  liquidity  to  molecular  motion  ;  when  this  motion 
subsides  sufficiently,  cr;stallit<ation,  as  we  have  seen,  sets 
in.  The  temperature  of  crystallisation  is  perfectly  con- 
stant, if  the  water  be  kept  under  the  same  pressure.  The 
temperature  of  condensation  from  the  state  of  steam  is 
also  constant,  as  long  as  the  pressure  remains  the  same. 
Uere,  then,  we  have  two  invariable  standard  points  of 
temperature,  and  they  have  Ijeen  used  as  such  throughoxit 
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the  world.  The  mercurial  thermometer  consistB  of  a  bulb 
and  a  stem  with  capillary  bore.  The  bore  ought  to  be  of 
equal  diameter  throughout.  The  bulb  aud  a  portion  of 
the  stem  are  filled  with  mercury.  Both  are  theu  plunged 
into  melting  ice,  the  mercury  Bhrinka,  the  column  descends, 
and  finally  comes  to  rest.  Let  the  point  at  which  it  be- 
comes stationary  be  marked ;  it  is  the  freezing  "point  of 
the  thermometer.  The  iastrument  is  next  plunged  into 
boiling  water,  or  rather  into  the  steam  above  Iwiling  water ; 
the  mercury  expands,  the  column  rises,  aud  finally  attains 
a  stationary  heiglit.  Let  this  point  be  marked  ;  it  is  Uie 
boUi/ng  point  of  the  thermometer.  The  space  between 
the  freezing  point  and  the  boiling  point  has  been  divided 
by  Reaumur  into  80  equal  partji,  by  Fahrenheit  into  180 
equal  parU,  and  by  Celsius  into  1 00  equal  parts,  called 
degrees.  The  thermometer  of  Celsius  is  also  called  the 
Centigrade  thermometer. 

Both  Reaumur  and  CeUiua  call  the  freezing  point  0"*; 
Fahrenheit  calls  it  3jj°,  because  he  started  from  a  zero 
which  he  en'oneoufily  imagined  was  the  greatest  terrestrial 
oold.  Fahrenheit's  boiling  point  is  therefore  212%  Reau- 
mur's boiling  point  is  80",  while  the  boiling  point  of  Celsius 
is  100% 

The  length  of  the  degrees  being  in  the  proportion  of 
80 :  100 :  180,  or  of  4  :  5  :  9,  nothing  con  be  easier  than  to 
convert  ono  into  the  other.  If  it  be  required  to  convert 
Fahrenheit  into  Celsius,  we  multiply  by  5  and  divide  by 
9  ;  if  Celsius  into  Fahrenheit,  we  multiply  by  9  and  divide 
by  5,  Thus  20°  of  Celsius  are  equal  to  36"  Falirenheit ; 
but  if  we  would  know  what  temperature  by  Fahrenheit's 
thermometer  corresponds  to  20**  of  Celsius,  we  must  add 
32  to  the  36,  which  would  make  thw  temperature  20%  as 
shown  by  Celsius,  equal  the  temperature  68%  as  shown  by 
Fahrenheit. 
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APPENDIX   TO  LECTURE  IV. 


FURTHEtt  REMARKS  ON  DILATATION. 

It  is  not  within  the  Bcope  of  the  present  work  to  dwell  in 
detail  OQ  all  the  phenomeoa  of  expanBion  by  heat ;  bnt,  for  the 
■ake  of  my  yonngrr  readers,  I  will  Bapplement  tins  chapter  by 
a  few  additional  remarks. 

The  linear.  sQ{}erficial,  or  cubic  coefficient  of  e^rpansion,  is 
that  fraction  of  a  body's  length,  saHace,  or  volume  which  it 
expands  on  being  heated  one  degree. 

SappoBing  one  of  tho  aides  of  a  sq^nare  plate  of  metal, 
whose  length  ia  1,  to  expand,  on  being  heated  one  dcgrco,  by 
the  qnastity  a,  the  linear  coefficient  of  expansion ;  then  the 
side  of  the  new  aqnare  ia  1  +  a,  and  its  area  is 

l+2a  +  a». 

Id  the  case  of  expansion  by  heat,  the  qaiintity  a  is  bo  small 
that  its  sqoare  is  almost  insensible;  the  sqanra  of  a  small 
fraction  ia,  of  coarse,  greatly  loss  than  the  fraction  itself. 
Hence,  without  aeosible  error,  we  may  throw  awny  the  a*  in 
the  above  exproesioo,  and  then  we  have  the  area  of  the  new 

sqaaie 

l+2u. 

2rt,  then,  is  the  superficial  coefficient  of  expansion ;  hence  we 
infer  that  by  maltiplying  the  linear  coefBcient  by  2,  we  obtain 
the  snperficial  coeflScient. 

Sappose,  instead  of  a  sqoare,  that  we  had  a  cabe,  baring  a 
8kde  =  l:  and  that  on  heating  the  cube  one  degree,  the  side 
coipanded  to  1  +  a;  then  the  volume  of  the  expanded  cube 
woald  be 
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In  this,  as  in  the  former  case,  the  sqnare  of  a,  and  mach  mora 
the  cube  of  a,  ma/  be  neglected,  on  account  of  their  exceeding 
smalhiess  ;  we  then  hare  the  volume  of  the  expanded  cube 

=l+8a; 

that  is  to  say,  the  cabio  ooefBoiont  of  expansion  is  found  by 
trebling  tlie  linear  coefficient. 

Tlie  following  table  contains  the  coefficients  of  expansion 
for  a  number  of  welUknown  substances  : 


Coppar 

.    0O00O17 

0000051 

^•ooooei 

Land  . 

.    0-000029 

0-000087 

0-000089 

Tto     .        . 

.     0  00002.1 

0000069 

0000060 

Irun   . 

.    0  0O0012-1 

0-000037 

0  000087 

Zinc    . 

.     0  0001)294 

OUOOOftS 

0-(IOOOS9 

GlUB. 

.     0-U00008 

ooooozi 

0-000024 

The  6rst  column  of  figures  gives  the  linear  coefficient  of  ox- 
pnnnion  fur  1**  C. ;  the  second  oolamn  oontaiuH  iUi^  coefficient 
treblod,  which  ought,  if  the  foregoing  statements  he  correct, 
to  bo  theculiic  expansion  of  the  substance.  This  is  checked  by 
the  third  column,  which  gives  the  cubic  expansion  as  deter- 
mined directly  by  ProfesHor  Eopp.  It  will  be  seen  that  Kopp's 
coefficients  agree  almost  exactly  with  those  obtained  by  the 
tt-ebling  of  the  linear  ooefficienta. 

The  linear  coefficient  of  glass  for  1°  C.  is 

00000080. 
That  of  platinum  is 

00000088. 

Hence  glaj^s  and  platinum  expand  nearly  alike.  This  is  of  the 
greatest  importance  to  chvmiHtii,  who  often  Gud  it  necessary 
to  fuse  platinum  wire  into  their  gloss  tubes.  Were  the  co* 
efficients  diflferont,  the  fracture  of  the  glass  would  be  inevit- 
able during  the  unequal  contraction. 
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M  wsKJa,  uaciDi  aiw  oAfora  foaav  or  K&Tnn — Kmnc  tbwmv 
or  UMM  oowriuMani  or  nruotn*— m  lowmicr  ov  Tn  c*h 
or  oAm— a*ai  nun*  obmb  caavrAiir  nunna  axo  at  oamTAV* 

^VouncB— ABKMmoir  or  «sat  hi  -work— iu.Tsa'»  cua-vlatioii  «r 

rvn  JKsauncix.  mofaxrujan  or  kb4T— iotiXK'a  ■xrcamirrAL  panai- 

lUTiJir  or  racKuiiCAL  auuiTAUvT — doatatiox  or  OAsn  tttwxtt 

BrrRltlEKATMMf — AnOUTTV  mO  OT  TOPSKAIVM  — LtQUKrACTtUM    OT 
DtCLCXUHa  OXTSKK,   aTVROOKK,  UTD  Atft. 


ON  the  occasion  of  our  first  xneetlDg  hero  a  sledge- 
hammer was  permitted  to  de50cnd  upon  a  himp  of 
lead,  which  was  heated  hy  the  blow.  Formerly  it  wna 
assumed  tliat  the  force  of  the  hammer  was  simply  loot  hy 
tbe  concuasion.  lo  elastic  bodies  it  was  suppo^eii  that  a 
portion  of  the  force  waa  restoretl  by  the  rebound;  but  in 
the  collision  of  inelaatic  bodies  it  was  taken  for  granted 
that  the  force  uf  impact  was  lost.  Wo  now  ailmit  no 
loasy  but  assume,  that  when  the  motion  of  the  descending 
hammer  ceases,  it  is  simply  a  case  of  transference,  in«itcuid 
of  annihilation  The  motion  of  a  mass  has  been  trans- 
formed into  molecular  motion.  Here  the  imagiiuition 
must  help  us.  In  the  case  of  solid  bodies,  while  the  foroe 
of  cohesion  still  holds  them  together,  you  must  eonoeivo 
a  power  of  vibration,  within  certain  limits,  to  bo  posHPusocI 
by  their  atoms.  And  the  greater  the  amount  of  heat 
iitipurted  to  the  body,  or  the  greater  the  amount  of 
mechanical  action  invested  in  it  by  peroussion,  oompre*> 


116 


HEAT   A    MODE   OF    liOTIOX. 


LBOT.  T. 


rion,  or  friction,  the  greater  will  be  the  rapidity  of  some, 
and  the  wider  the  arapUtude  of  other,  atomic  oscillations. 

As  already  indicated,  the  atoms  or  molecules  Uui9 
vibrating,  and  ever  aa  it  were  seeking  wider  room,  urge  each 
other  apart,  and  thus  cause  the  body  of  which  they  are  the 
coustituenU  to  expand  in  volume.  By  the  force  of  cohesion, 
then,  the  molecules  are  held  together ;  by  the  force  of  heat 
they  are  pujihed  asunder ;  and  on  the  relation  of  these 
two  antagonistic  powers  the  aggregation  of  the  body 
depends.  Every  fresh  increment  of  heat  pushes  the  mole- 
cule* more  widely  apart ;  but  the  force  of  cohesion,  like 
all  other  known  forces,  acts  more  and  more  feebly  as  the 
distance  through  which  it  acts  is  augmented.  As,  therefore, 
the  heat  grows  strong,  its  opponent  grows  weak,  until, 
finally,  the  particles  are  so  tar  loosened  from  the  thrall  of 
cohesion,  aa  to  be  at  liberty,  not  only  to  vibrate  to  audi 
fro  across  a  fixed  position,  but  also  to  roll  or  glide  around 
each  other.  Cohesion  is  not  yet  destroyed,  but  it  is  so  far 
modified  that  the  particles,  while  still  oflfering  resistance 
to  being  torn  directly  asunder,  have  their  lateral  mobility 
over  each  other's  surfaces  secured.  ThU  t*  tfie  liquid 
conditioji  of  tnatter. 

In  the  interior  of  a  mass  of  liquid,  tlie  motion  of  every 
molecule  is  controlled  by  the  molecules  which  surround  it. 
But  when  we  develop  heat  of  sufficieut  power,  even  within 
the  body  of  a  liquid,  tbe  molecules  break  the  last  fettei-s 
of  cohesion,  and  fly  asunder  to  form  bubbles  of  vapour. 
If,  moreover,  one  of  the  surfaces  of  the  liquid  be  quite 
free,  that  is  to  say,  uncontrolled  either  by  a  liquid  or 
a  solid,  it  is  easy  to  conceive  that  some  of  the  vibrating 
superficial  molecules  will  be  jerked  entirely  away  from 
the  liquid,  and  will  fly  with  a  certain  velocity  through 
■pace.  2'hus  freed  from,  the  influence  of  cohesityn^  wd 
have  matter  in  the  vaporous  or  gaseous  form. 
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Thu  oooeeptioa  of  gsaeooa  molecolei  is  now  gefnermUj 
accepted,  aa  exproanng  tbe  tniUi  of  nature.     Such  mole- 


cules 


fljing 


lines 


stratgfat 

through  space.  The  hypolb«iiB  has  been  developed  in 
our  day  by  Joule,  Kronig,  and  Maxwell,  but  cbie6j  in  a 
■eries  of  admirable  papers  by  Clausius.  Tbe  quickoMS 
with  which  the  perfume  of  an  odoroi»  body  fills  a  room, 
might  seem  to  bannonise  with  the  idea  of  direct  projee- 
tioD.  It  may,  however,  be  proved,  that  if  tbe  theory  of 
rectilinear  motion  be  true,  the  molecules  must  moTe  at 
the  rate  of  several  hundred  feet  a  second.  Hence  it  might 
be  objected  that,  according  to  the  abore  hypothesis,  odours 
ought  to  Fprcad  much  more  rapidly  than  they  are  obscrred 
to  do. 

The  answer  to  this  objection  is,  that  the  odoriferoiu 
molecules  have  to  make  their  way  through  a  crowd  of  air 
atoms,  with  which  they  come  into  incessant  collision.  On 
an  average,  tbe  distance  through  which  such  a  molecule  can 
travel  without  striking  against  an  atom  of  air,  is  infini- 
tesimal, the  propagation  of  a  perfume  through  air  being 
thus  enormously  retarded  by  the  air  itself.  When  a  free 
communication  is  opened  between  the  siuface  of  a  liquid 
and  a  vacuum,  the  vacuous  space  is  almost  instantaneously 
filled  with  the  vapour  of  the  liquid. 

It  is  not  difficult  to  determine  the  average  velocitied 
with  whicb,  according  to  this  hypothesis,  the  atoms  of 
xtirioiu  gases  move.  Taking,  for  example,  a  gas  at  the 
pressure  of  an  atmosphere,  and  placing  it  in  a  vessel  a 
cubic  inch  in  size  and  shape,  we  can  calculate  from  the 
weight  of  tbe  gas  the  velocity  with  which  Ha  particles 
must  strike  each  side  of  the  cube  in  order  to  counteract 
a  preflBure  of  15  lbs.  Tbe  lighter  the  gas  is,  the  greater 
of  course  muat  be  its  velocity  to  produce  the  required 
eHect.  According  to  Clausius  (IMiil.  Mag.,  1857,  vol.  xiv. 
p.  124),  the  average  velocities  of  the  atoms  of  oxygen. 
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nitrogen,  and  hydrogen,  at  the  temperature  of  melting 
ice,  are  respectively  ba  follows: 

Oxygen    ,.•...     I,fil4  Tout  par  ioeond. 

Nitrog«a 1.616    „  « 

HydrugCD 8,060    h  m 


Afl 


elocity  of 


hack  as  1848,  Mr.  Joule  found  tb 
hydrogen  atoms  to  he  6,055  feet  per  second. 

According  to  this  theory,  which  is  known  aa  the 
Kinetic  Theory  of  gaaes,  wo  are  to  figure  tlie  molecules 
of  a  gas  as  flying  in  straight  lines  through  space,  imping- 
ing like  little  projectiles  upon  each  other,  and  striking 
against  the  houudariea  of  the  space  they  occupy.  I  place 
a  bladder,  half  tilled  with  air,  under  the  receiver  of  the 
air-pump,  and  remove  the  air  from  the  receiver.  The 
bladder  swells.  According  to  our  present  theory,  this 
expansion  of  the  bladder  is  produced  by  the  shooting  of 
atomic  projectiles  against  its  interior  surface.  Wlien  air 
is  admittwi  into  the  receiver,  the  bladder  slirivels  to  its 
former  size  j  and  here  we  must  figure  the  discharge  of 
the  atoms  against  the  outer  surface  of  the  bladder,  driv- 
ing the  envelope  inwards,  causing,  at  the  fiame  time, 
the  atoms  within  to  concentrate  their  fire,  until  finally 
the  force  from  within  equals  that  from  without,  and  the 
envelope  remains  quiescent.  All  the  impressions,  then, 
which  we  derive  from  heated  air  or  vapour  are,  according 
to  this  hypothesis,  due  to  the  impact  of  gaseous  mole- 
cules. Thus  the  impreatdon  one  reoeivea  on  entering  the 
hot  room  of  a  Turkish  bath,  is  caueed  by  the  atomic 
patter  there  maintained  against  the  surface  of  the  body. 

When,  instead  of  placing  the  bladder  under  the  receiver 
of  an  air-pump,  and  withdrawing  the  external  air,  we 
augment,  by  heat,  as  in  a  former  experiment,  the  projec- 
tile force  of  the  atoms  within  it,  these  strike  with  such 
impetuous  energy  against  the  inner  surface  as  to  cause 
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the  envelope  to  retreat :  the  bladder  sTvells  and  becomes 
apparently  filled  with  air. 

Correct  ideas,  like  sound  seed,  require  a  soil,  that  is  to 
say,  the  soil  of  public  intelligence,  to  render  them  fruitful. 
Wanting  this  they  often  peribb,  or  exist  for  long  periods 
in  a  state  of  suspended  animation.  In  more  favourable 
times  other  minds  arise,  and,  from  the  contemplation  of  a 
wider  ba^is  of  fact,  arrive  at  and  render  permanent  the 
same  ideas.  This  might  seem  to  be  only  an  act  of  revival, 
but  it  is  often  a  real  re-creation.  This,  in  my  opinion, 
has  been  the  case  in  regard  to  the  mechanical  theory  of 
beat  as  a  whole,  and  also  in  regard  to  the  special  part  of 
that  theory  on  which  we  are  now  engaged.  The  kinetic 
theory  of  giiscs  wliich  has  l>cen  just  described  was  enun- 
ciated by  Daniel  fiemouilli  iu  1738.  He  considered  the 
ca^  of  a  vertical  cylinder  containing  very  small  molecules 
and  closed  by  a  movable  lid  on  which  was  placed  a 
weigfaU  The  molecules  he  supposed  to  be  darting  in  all 
directions  with  enormous  velocity.  Striking  against  the 
lid  they  would,  he  alleged,  support  it  exactly  like  an 
elastic  fiuid  which,  when  the  weight  is  diminished,  ex- 
pands, and  when  the  weight  is  augmented  contracts  in 
volume.  Such  an.  assemblage  of  flying  molecules  could, 
according  to  Benioullli,  prtKluce  all  the  physical  effects 
which  had  been  actually  observed  with  air,  and  they  also 
sug^sted  and  explained  other  effects  which  had  not  yet 
been  investigated. 

*  If,'  he  says,  •  the  weight  on  the  lid  be  augmented, 
and  the  gas  compressed,  the  lid  has  to  endure  on  the  part 
of  the  fluid  a  resistance  increased  twofold.  First,  because 
the  number  of  the  molecules  in  relation  to  the  space  they 
occxipy  is  rendered  greater,  and  secondly  because  each 
molecule  repeats  its  shock  more  frequently  than  before. 
The  nearer  the  molecules  are  pressed  together,  the  more 
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rHpidty  mrist  their  shocks  succeed  each  other.  But  the 
elasticity  of  air  is  not  only  increased  by  compression,  it 
is  also  increased  by  beat.  And,  aa  it  is  avsumed  that 
the  heat  is  always  augmented  when  the  motion  of  the 
molecules  is  increased,  it  follows  that  the  augmented 
elasticity  of  warmed  air,  at  a  constant  volume,  arises  from 
a  more  violent  motJon  of  the  molecules.* 

We  have  here  an  arrangement  intended  to  show  in 
a  simple  manner  the  expansion  of  gases  by  heat.  The 
Baak,  f  (fig.  43),  is  empty,  except  as  regards  air,  wliich 

Fio.  48. 


may  be  heated  by  placing  a  spirit-lamp  underneath  tlw 
Hat:k.  From  the  flask  a  bent  tube  passes  to  a  dish,  con- 
taining a  coloured  liquid.  In  the  dish,  a  glass  tube,  1 1^ 
two  feet  long,  closed  at  the  top  and  ftill  of  the  coloured 
liquid,  is  inverted.  The  liquid  column  is  sustained  by  the 
pressure  of  the  atmosphere.  Tlie  tube  passing  from  the 
flask  r  is  caused  to  turn  up  exactly  underneath  the  open 
end  of  the  upright  tube,  so  that  if  a  bubble  of  air  should 
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issue  from  the  former,  it  will  ascend  the  latter.  1  now 
h«at  the  flask  ;  the  air  expands,  and  hubbies  are  driren 
from  the  end  of  the  bent  lul)e.  They  ascend  in  the  tube 
t  t,  and  depress  the  colonrod  liquid,  until  in  the  course  of  a 
very  few  seconds  tlie  whole  column  of  liquid  has  been 
diaplacL'd  by  air. 

The  general  fact  of  expansion  is  ttius  simply  illus- 
trated, but  we  must  not  be  content  with  regarding  these 
phenomena  in  a  general  way.  Without  exact  quantitative 
determinations  oar  discoveries  would  soon  confound  and 
bewilder  us.  We  must  now  inqidre  what  is  the  amount 
of  expansion  which  a  given  quantity  of  beat  is  able  to 
produce  io  a  gaa?  This  is  an  important  point,  and  de- 
mands our  special  attention.  In  speaking  of  the  volume 
of  a  gas,  we  should  have  no  distinct  notion  of  its  real  value 
if  the  temperature  of  the  gas  were  omitted,  so  largely  does 
ilie  volume  vary  with  the  temperature.  Place,  then,  a 
deSnite  measure  of  gas  at  the  precise  temperature  of  water 
when  it  begins  to  freeze,  or  of  ice  when  it  begins  to  melt, 
that  is  to  say,  at  a  temj>eralure  of  32**  Kabr.  or  0"  Cent,, 
in  an  envelope  which  offers  no  resistance  to  expansion. 
Raise  that  measure  of  gas  one  degree  in  temperature,  the 
atmospheric  pressure  on  the  unrssiating  envelope  which 
holds  the  gaa  being  preserved  perfectly  constant.  The  gaa 
will  expand  by  a  quantity  which  wc  may  call  a ;  raise 
it  another  degree  in  temperatiu'e,  its  volume  will  be  ex- 
panded by  2a,  a  third  degree  will  cause  an  expansion  of 
3a,  and  so  on.  For  every  degree  added  to  the  tempera- 
ture of  the  gas,  it  expands  by  the  same  amount.  What 
is  this  amount  ?  Xo  matter  what  the  vobune  of  the  gas 
may  be  at  the  freezing  temperature,  the  addition  of  one 
degree  Fahrenheit  to  that  t^'mperature  augments  its 
volume  by  ^^  of  its  own  amount ;  while  by  raising  it 
one  degree  Centigrade  we  augment  the  volume  by  j^j 
of  its  own  amount.     A  cubic  foot  of  gas,  for  example, 
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1  + 

•00366  at  r  C;          . 

I  + 

•00366   X  2;                1 

1  + 

•00366  X  3,  and  so  on. 

at  (f  C  becomes,  on  being  heated  to  1%  l-j^s  cubic  foot, 
or,  expressed  in  decimals — 

1  voL  at  0*  C  becomes 
at  2^  C.  becomes 
at  '6"  C.  becomes 

Tbe  constant  number  '00366,  which  expresses  the  frac^ 
tion  of  its  own  volume,  which  a  gas,  at  the  freezing  tem- 
perature expands  on  being  Seated  one  degree,  is  called 
the  coefficient  of  Bxpaneion  of  the  gas.  Of  course  if  we 
use  the  degrees  of  Fahrenheit,  the  coefficient  will  be 
smaller  in  the  proportion  of  9  to  5. 

It  is  asignlHcaat  fact  that  all  the  so-called  permanent 
gases  expand  by  almost  precisely  the  same  amount  for  every 
degree  added  to  their  temperature.  AVe  cau  deduce  from 
this  with  extreme  probability  the  important  conclusion, 
that  where  heat  causes  a  true  gas  to  expand,  the  work  it 
performs  consists  solely  in  overcoming  the  extomal  pressure 
— that,  in  other  words,  the  heat  is  not  interfered  with  by 
the  mutual  attraction  of  the  gaseous  molecules.  For  if 
thw  were  the  case,  we  should  have  every  reason  to  expect, 
in  the  case  of  different  gni«es,  differences  of  expansion 
similar  to  those  observed  in  liquids  and  solids.  I  said 
intentionally  *  by  alinoBt  precisely  the  same  amount,'  for 
many  gases  which  seem  permanent  at  ordinary  tempera- 
tures deviate  slightly  from  the  rule.  This  will  be  seen 
from  the  following  table : 


Nuiwaf  Om 
Hjrdrogeo    , 
Air . 

OBrboDic  oxids 
^      Oarhonic  acid 

Protoxide  of  nitrogoo 
Sulpbuioui  Hcid 

Here  hydrogen,  air,  and  carbonic 


CDcflUdflot  of  Kxiwnalnn 

.  OOUSU 

.  000367 

,  0O0SS7 

.  0-00271 

.  0-00378 

,  000390 


oxide   agree 


closely ;  still  there  \9  a  slight  difference,  the  coefficient  for 
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b;>irogeQ  being  the  least.  In  the  oCber  cuec  we  reamk  a 
greater  denataoo  from  the  nile ;  and  it  is  putienfaulj  to 
be  Dotioed  that  tie  gases  which  deviate  most  are  thon 
which  art  nearttt  tMetr  point  of  liqw^aetion.  Until  the 
end  of  1877  the  first  tbtee  gases  in  the  taUe  nnsted 
ttii  attempts  to  Uqoefy  them,  while  tie  othcn  had 
jiekkd  to  the  oocnliined  actioo  of  cold  and  presore. 
These  latter,  therefore,  ««ffe  eoaddeied  to  be  mperftei 
gases,  oocopying  a  kind  o<  intermedtate  place  between 
the  liquid  and  tbe  perfect  gaseous  condition* 


UlTSR'g    CALCCLATtO:;    OF    TEB    UCCRASICAt.   BQCnTALETr 
or    HKAT. 

This  much  made  clear,  we  shall  di>w  approach,  by  slow 
degrees,  a  difficult,  but  mobi  important,  subject — ooue  in- 
deed  more  iioport&nt,  or  involring  more  momentous  issiiefl, 
in  the  wfaole  range  of  pbrsical  science.  That  a  definite 
relation  eristed  between  the  heat  developed  bj  mechanical 
action  and  the  force  which  produces  it^  floated  doubt- 
less in  manv  minds  before  it  received  eithtT  correct 
enunciation  or  experimental  proof.  The  celebrated  Mont- 
gol6eT  entertained  the  idea  of  tbe  equivalence  of  beat 
and  work ;  and  the  idea  was  developed  by  Ms  nephew, 
M.  S<%uin,  in  Ms  volume  *0n  the  Influence  of  Kailways,* 
printed  in  1839.  Those,  moreover,  who  reflect  on  the  vital 
processes — thermal,  chemical,  and  mechanical — which 
occur  in  tbe  animal  body,  and  on  the  relation  of  all  of  them 
to  the  force  of  food,  are  led  naturally  to  entertain  the  idea  uf 
interdependence  between  forces  in  general.  It  is  therefore 
hardly  a  matter  of  surprise  that  the  man  who  wm  the  first 
to  raise  this  idea  to  a  previously  unattained  clearness 
in  his  own  mind,  was  a  physician.  In  1842,  tlie  lute 
Dr.  Mfcyer,  of  Heilbronn  in  Germany,  briefly  euunciated 
the  relation  which  subsists  between  the  forces  of  inorganic 


124 


HEAT    A   MODE   OF   MOTION. 


LEOT.  T. 


nature,  winding  up  his  reflections  by  the  determination  of 
the  *  mechanical  equivalent  of  heat.* '  He  followed  up, 
as  will  be  shown  in  due  time,  the  exposition  of  the 
principle  of  equivalence  by  its  fearless  application.  Hut 
the  theoretic  views  of  Mayer,  profound  and  far-reacbing 
as  they  were,  required  an  experimental  basis  of  a  strength 
commensurate  with  their  importance  ;  and  to  Dr.  Joule,  of 
Manchester,  belongs  the  honour  of  building  this  irrefra- 
gable foundation.'  M'e  shall  take  tbe  labours  of  these  two 
eminent  men  in  their  historic  order,  clearing  the  way  fur 
Mayer  by  a  brief  development  of  the  data  on  which  he 
founded  his  calculatiou  of  the  mechauical  equivalent  of 
beat. 


Suppose  a  quantity  of  air  to  be  contained  in  a  very  tall 
cylinder,  a  b  (tig.  44),  the  trausverse  section  of  which  is 
one  square  inch  in  area«  Let  the  top  a  of  the  cylinder  ba 
open  to  the  air,  and  let  p  be  a  piston,  which  can  mova^ 
air-tight  and  witKout  friction  up  or  down  in  tbe  cylinder. 
For  reasons  to  be  explained  immediately,  I  will  suppose 
the  piston  to  weigh  two  pounds  one  ounce.  At  the  com-^ 
mencement  of  the  experiment  let  the  piston  be  at  the 
middle  point  P  of  the  cylinder,  and  let  the  distance 
B  to  P  be  273  inches — the  air  undemeuth  the  piston  being 

1  LioUg'i  AnanltiD,  rul.  ilii.  p.  233  ;  Phil.  M.ig.  4lh  Ijfnea.  rul,  xxir. 
p.  371;  and  id  risuJtU,  Phil.  Miig.  vol.  xxr.  p.  3i8. 

I  have  bwD  indebtatl  to  Sir  C.  WbcaUtooe  for  tb«  [wrnsii]  of  a  mn  Hud 
curiouH  pamplilet  by  G.  ItebensteiD,  nith  the  followiog  (tnioiIaLed)  titl«: 
'  Fmgross  nf  our  Time.  GenuiHtioD  of  Tloitt  wilhrmtFuel;  or,De»cnrtianof 
A  MucliKn'oil  pTDCeai,  \iMvA  on  phyvicul  and  mnthonittical  proofs,  bj  whidi  < 
Culoric  miiy  bo  •xtnictnil  from  Atnioapheric  Air,  and  ia  a  high  dagrM  ooo' 
c«ntrAL«d.  The  rbattp^fltSubatiiaU)  for  Faol  ia  most  eaaos  vhaiv  eombnatioa 
iiueeoHAty.*  KsUenatoii]  deduci**  from  tbe  cxpcrioaeuU  orDuluagUMqiun- 
licjr  of  heat  erolred  in  the  oomprcwion  of  a  gna.  Ko  glimpea  of  th« 
dynamleal  theory  ia,  hoveTer.  lo  be  found  in  Lis  paper;  his  boot  ii  maUtr 
( If  Jrfluvf/iiD  which  ii  nc^oot-zed  out  of  Iha  air  as  vater  ia  oat  of  a  fpoofs. 

■  Mr,  Joule's  BiperimeatA  on  the  tnechanical  «quinilent  of  haal.  «act«od 
from  1B43  to  1R40. 
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at  a  temperature  of  0*  C.  Tlien,  on  Leatitig  the  air  from 
0"  to  1'  C,  the  pinton,  as  we  have  olrendy  learned,  wiH 
rise  one  inch,  and  etaod  at  274  inches  above  the 
bottom.  If  the  temperature  l>e  raised  two  de- 
greesy  the  piston  will  stand  at  275 ;  if  raised  three 
degrees,  it  will  stand  at  27  6;  if  raised  ten  degrees, 
it  will  stand  at  283;  if  100  degrees,  it  will  stnnd 
at  373  inches  above  the  bottom.  Finally,  if  the 
temperature  were  raised  to  273"  C,  it  is  quite 
manifest  that  273  inches  would  be  added  to  the 
height  of  the  column,  or,  in  other  words,  that 
hy  beating  the  air  to  273*  C,  ite  volume  wovM 
bedoubUcL 

In  this  experiment,  Ihe  expanding  air  executes 
work.  In  lifting  the  piston  from  P  to  A  it  over- 
comes tlie  downward  pressure  of  the  atmosphere, 
which  amounts  to  15  lbs.,  and  also  the  weight  of 
the  pifiton,  which  is  2  lbs.  1  oz.  The  work  dune 
by  the  air  is,  therefore,  equivalent  to  the  raising 
a  weight  of  17  llw,  1  oz.,  or  273  ounces,  to  a 
height  of  273  inches.  The  same  amount  of  work 
would  be  accomplished  if  the  atmosphere  above 
p  were  entirely  abolis^hed,  a  frictionless  piston 
weighing  17  Ihs.  1  oz.  being  placed  at  P. 

Let  us  now  alter  our  mode  of  experiment,  and  instead 
of  allowing  the  air  to  expand,  let  us  oppose  its  expansion 
by  augmenting  the  preasiu*e  upon  it.  In  other  words,  let 
us  keep  its  vUums  oon»tant  while  it  is  being  heated. 
Suppose,  as  before,  the  initial  temperature  of  the  gas  to 
be  0*  C,  the  pressure  upon  it,  including  the  weight  of  the 
piston  P,  being  as  formerly  273  onnces.  Lot  us  warm  the 
gas  from  0**  C  to  1°  C. ;  what  weight  must  we  add  at  P 
in  order  to  keep  iis  volume  constant  ?  Exactly  one  ounce. 
But  wc  have  supposed  the  gas,  at  tlie  commencement,  to 
be  under  a  pressure  of  373  ounces,  and  the  pressure  it 
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sustains  ia  the  measure  of  its  elastic  force  ;  hence,  bj  being 
heated  one  degree,  the  elastic  force  of  the  gas  has  aug- 
mented by  -j-^  of  what  it  wan  at  0".  If  we  warm 
it  2°,  2  ounces  must  be  added  to  keep  its  volume  constant ; 
if  3°,  3  ounces  must  be  added.  And  if  we  raise  its  tem- 
perature 273%  we  shall  have  to  add  273  ounces,  or,  in  other 
words,  we  must  clouhU  the  origimd  preaatire^  to  keep 
the  volume  constant. 

It  is  simply  for  the  sake  of  cleorncsft,  and  to  avoid 
fractions,  that  I  have  supposed  the  air  to  be  under  the 
original  pressure  of  273  ounces.  For  as  long  as  the  air 
behaves  as  a  sensibly  perfect  gas,  no  matter  what  the 
pressure  may  be,  the  addition  of  1*  C.  to  its  temperature 
produces  an  augmentation  of -^^  of  the  elastic  force  which 
the  air  possesses  at  0*  C,  while  by  raising  its  temperalxue 
273"*  without  expansion,  its  elastic  force  is  doubled.  Let  us 
now  compare  this  experiment  with  the  last  one,  Ther^  we 
heated  a  certain  amount  of  gas  from  0°  to  273"  C,  and 
doubled  its  volume  by  so  doing,  the  double  volume  being 
attained  by  lifting  a  weight  of  273  ounces  through  a  height 
of  273  inches.  Ihre  we  heat  the  same  amount  of  gns 
from  0"  to  273°,  but  we  do  not  permit  it  to  lift  any  weight. 
The  quantity  of  matt«^r  heated  in  both  cases  is  the  same ; 
the  temperature  to  which  it  is  heated  is  the  same;  but 
are  the  absolute  quantities  of  heat  imparted  in  both  cases 
the  same  ?  By  no  means.  Supposing  that  to  raise  the 
temperature  of  the  air,  whose  volume  is  kept  constant, 
273%  the  heat  of  10  grains  of  burning  wax  is  necessary; 
then  to  raise  the  temperature  of  the  air,  whose  pressure 
is  kept  constant,  an  equal  number  of  degrees,  would 
require  the  consumption  of  14^  groins  of  the  same  com- 
bustible matter.  At  this  point  the  genius  of  Mayer 
struck  in.  The  material  theory  had  referred  the  exiiK 
consumption  to  the  greater  *  capacity  *  of  the  rarefied  air 
inr  liput.     Meyer,  on  I  be  contrary,  discarding  the  un* 
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proved  and  xneoReBt  uaampHoa  of  ebuig«d  capacitj, 
regaided  (l«  kmi  9f  A0  mddiHgmiU  4^  grmms  of 
G*  ttdinlff  oommiwitd  in  UfUmff  A$  wmgkL    Titos  Urn* 
Biateml  tl»eor7  supposed  U»e  beat ;  Uwugh  hidJen,  to 
be    still    in  exist«ii«e»  u  heftt;   whOe   Mftrer^d   tbeotj' 
affinaed  the  toUl  diappeanoce  of  the  hvtx  throiig:li  its  * 
rxpenditare  in  work.     Using  accurate  namben,  the  quan* 
tity  of  heat  applied  vbea  the  pcecsure  is  ooostant,  is  to , 
tbe  quantity  appU«d  whea  tbe  Tolome  is  constant,  as 

1-421 : 1. 

The  quazititj  of  work  here  executed  and  tbe  quantitj 
of  bent  expended  are  both  perfectly  definite;  hence  the, 
possibility  of  comparing  them  together,  and  of  expresiiii^i 
the  one  in  termj  of  tbe  other.  In  this  establishment  of 
an  exact  quantitative  relation  between  Hvat  and  Work, 
the  speculations,  reasonings,  and  experiments  of  all  the 
pibiloeophera  mentioned  in  our  Second  Lecture  find  their 
culminatiun.  I  will  now  endeavour  to  calculate  before 
you  the  Mechanical  Equivalent  of  Heat. 

Lot  c  (fig.  45)  be  a  cylindrical  vessel  with  a  base  one 
square  foot  in  area.  Let  p  p  mark  the  upptr  surface  nf  a 
cubic  foot  of  air  at  a  temperature  ofO"  C.  Fia.  45. 

or  32°  Fabr.  The  height  a  p  will  then  be 
one  foot.  Let  the  air  bo  heated  till  its 
volume  is  doubled.  To  effect  this  it  must, 
as  before  explained,  bo  raised  273°  C,  or 
490*  F.  in  temperature ;  and  when  ex- 
panded, its  upper  surface  will  stand  at 
p'f',  one  foot  above  its  initial  position. 
But  in  rising  from  P  p  to  /  p'  it  has  forced 
back  the  atmosphere,  which  exerts  a  pres- 
sure of  15  lbs.  on  every  square  inch  of  its  upper  surface, 
the  area  of  which  is  144  square  inches.  In  other  wordp, 
it  has  lifted  a  weight  of  144  x  15=s2,l()0  lbs.  to  a  height 
of  one  foot. 


The  usual  way  of  expre&nng  numerically  a  deBnite 
quantity  of  heat  is  to  etate  the  number  of  pounds  of 
water  which  it  could  raise  1**  in  temperature.  The  *unit 
of  heat'  is  the  quantity  which  would  raise  1  lb.  of  wator 
1°.  My  aim  now  is  to  express  in  such  units  the  quantity  of 
heat  applied  in  the  foregoing;  experiment  to  the  performauce 
of  work.  Comparing  equal  weights  of  air  and  water,  the 
quantity  of  heat  required  to  raise  the  temjwrature  of  the 
former  one  degree  would  raise  that  of  the  latter  a  little 
less  than  a  quarter  of  a  degree.  Employing  the  old 
phraseology,  the  '  capacity '  of  water  for  heat  being  1,  the 
capacity  of  air  would  be  a  little  less  than  |,  Strictly 
speaking,  it  would  be  0*24.  Now  the  weight  of  our  cubic 
foot  of  air  is  1*29  oz. ;  hence  the  quantity  of  heat  required 
to  raise  1*29  oz.  of  air  400°  Fahr.  would  raise  a  little  less 
than  ono-fourth  of  that  weight  of  water  490\  The  eiact 
quantity  of  water  equivaleut  to  our  1*29  oss,  of  air  is 
1*29  X  0-24=^0*31  oz. 

But  0'31  oz.  of  water,  heated  to  490*.  is  equivalent  to 
152  ozs.  or  9  J  lbs.  heated  1*.  Thus  the  heat  imparted  to 
our  cubic  foot  of  air,  in  order  to  double  its  volume,  and 
enable  it  to  lift  a  weight  of  2,160  lbs,  one  foot  high,  would 
be  competent  to  raise  9^  lbs.  of  water  one  degree  in  tem- 
perature. 

The  air  has  here  been  heated  under  the  constant 
pressure  of  tho  atmosphere,  and  we  have  learned  that  the 
quantity  of  beat  expended  on  air  under  constant  pressure 
is  to  that  expended  on  the  same  air  at  constant  volume 
as  1*421  :  I  ;  hence  we  have  the  statement : 

1-421  :  1  =  9-5  :6'7, 
which  shows  that  the  quantity  of  heat  necessary  to  aug- 
ment the  temperature  of  our  cubic  foot  of  air,  at  constant 
volume,  490°,  would  raise  the  temperature  of  6-7  Ibe.  of 
water  V  F. 
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Deducting  6'7  lbs.  from  9'5  lbs.,  we  find  that  the 
excess  of  heat  imparted  to  the  air,  in  the  case  where  it  m 
permitted  to  expand,  is  competent  to  raise  2*8  lbs.  of  water 
1**  in  temperature. 

As  explained  aUeady,  this  excess  is  employed  to  lift  a 
weight  of  2,160  lbs.  one  fdot  high.     Dividing  2,160  by 
2*8,  we  find  that  a  quantity  of  heat  sufficient  to  raise  1  lb. 
of  water  1°  Fahr-  in  temperature,  is  competent  to  raise  i 
weight  of  771*4  lbs.  a  foot  high.     If  the  centignide  scale' 
be  used  the  equi\-alent  is  1390  foot-pounds,' 

This  is  Maytr's  calculation  of  the  Mechanical  Equi- 
valent of  Heat. 

Mayer's  first  brief  paper,  which  was  published  in  the 
spring  of  1 842^  contains  merely  an  indication  of  the  way  in 
which  he  had  fonnd  the  equivalent.  In  that  paper  were 
enunciated  the  convertibility  and  indestructibility  of  force, 
and  its  author  referred  to  the  mechanical  equivalent  of  heut, 
merely  in  illustration  of  his  principles.  The  essay  was 
avowedly  a  kind  of  preliminary  note.  Mayers  subsequent 
labours  conferred  dignity  on  the  theory  which  they  illus- 
tnted.  In  1 845  he  publiithed  an  Essay  on  Organic  Motic 
and  Nutrition,  of  extraordinary  merit  and  importance,? 
It  embraced  a  full  dev^Inpraent  of  the  principles  on  which 
his  calcidation  of  1842  was  based,'  This  was  followed  in 
1848  by  an  Kssay  on  Celestial  D3'namic.«,  in  which,  with 
remarkable  boldncHS,  sagacity,  and  completene^ts,  he 
developed  the  meteoric  theory  of  solar  heat.  And  this 
was  followed  by  a  fourth  memoir  in  1851,  To  these 
imperishable  productions  we  shall  have  occasion  subse- 
quently to  refer.  Taking  him  for  all  in  all,  the  right  of 
Dr,  Mayer  to  stand  in  the  van  of  the  founders  of  the  dy- 
namical theory  of  heat  cannot,  in  my  opinion,  be  disputed.* 

'  Th#  tarnj  employed  to  f-rpfww  the  Ufliog  of  1  lb.  1  foot  high. 

'  FuTtbor  referred  to  nt  p.  543. 

'  Dr.  Majbt  ended  a  life  of  luffVn'ng  on  March  SI,  1878. 
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JOITLSS    BXreitlMERTAL    UBTKIIHITtATIO!!   OF   THB   VBCHAVTCAT* 
BQCIVALENT   OP    HEAT. 

On  the  2lBt  of  August,  1843,  Dr.  Joule,*  who  had 
already  rendered  himself  celebrated  by  his  researches  on 
the  heat  of  the  Voltaic  circuit,  communicated  to  the 
British  Association,  then  meeting  at  Cork,  a  paper  which 
waft  devoted,  in  great  part,  to  the  determination  of  the 
•mechanical  value  of  beat.*  Joule's  publication  had 
been  preceded  by  a  long  course  of  eiperimcnta,  so  that 
his  6rst  work  and  Mayer's  were  to  a  great  extent  ecu- 
temporancous.  This  elaborate  investigation  gave  the 
following  weigbtj*  raised  one  foot  high,  as  equivalent  Ui 
the  wanning  of  1  lb.  of  water  1^  Fahrenheit. 

1.  886  lbs.  5.      1,026  lbs. 

2.  1,001   „  6.         587   „ 

3.  1,040  „  7.         742   „ 

4.  910  „  8.         860  „ 

These  results,  it  will  be  observed,  varied  widely  from 
each  other,  and  partly  on  this  account  they  failed  tx)  attract 
the  atteution  they  duserved. 

From  the  passage  of  water  through  narrow  tubes. 
Joule  deduced  an  equivalent  of 

770  foot-pounds. 

In  1844  he  deduced  from  experiments  on  tne  conden- 
sation of  air,  the  following  equivalents  to  1  lb.  of  water 
heated  T  Fahr, : 

832  foot-pounds. 

795        „ 

820         „ 

814         „ 

760 


*  PhU.  Mag.  1843.  tvL  xzUL  p.  416. 
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As  the  skill  of  the  experimenter  increased,  we  6nd 
that  the  coincidence  of  bis  results  became  clo^r.  In 
1845  Dr.  Joule  deduced  £rom  experimenta  with  water, 
agiUted  by  a  paddle-wheel,  an  equivalent  of 

890  foot-pounds. 

Summing  up  his  results  in  1845,  and  taking  the  meatt«] 
he  found  the  equivalent  to  be 

817  foot-pounds. 

In  1847  he  found  the  mean  of  two  experiments  to  give 
as  equivalent, 

781-8  foot-poundB. 

Finally,  in  1849,  applying  all  the  precautious  eiig- 
gested  by  seven  years*  experience,  he  obtained  the  following 
DUDibers  for  the  mechanical  equivalent  of  ht'at : 

772*092,  from  tlie  frictiiiD  of  water,         tneiin  of  40  rxpenme^tB. 
774-083  .,  .,         mercury,      .,  60  „ 

774-V87  M  M        cofl-irio.     .,         20 

These  experiments  rank  among  the  most  memorable  that 
have  ever  been  executed  in  physical  science.  They  con- 
stitute the  experimental  demonstration  of  the  d}-namical 
theory  of  heat. 

For  reasons  assigned  id  his  paper.  Joule  fixes  the  exact 
equivalent  at 

772  foot-pounds. 

Between  1870  and  1878  Dr.  Joule  undertook  anew 
the  determination  of  tLe  mecbanical  equivalent  of  heat, 
and  found  it  to  be  772*55  foot-pounds. 

Acetkrding  to  the  method  pursued  by  Mayer,  in  1842, 
the  equivalent  is 

771*4  foot-pounds. 

Soch  A  coincidence  relieves  the  mind  of  every  shade  of 
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uncertainty  regardiag  the  substantial  correctness  of  our 
present  mechanical  equivalent  of  heat. 

The  invest igationa  here  briefly  referred  to,  place  Dr. 
Joule  in  the  foremost  rank  of  physical  philosopherfl. 
Mayer  thought  his  theory  out,  and,  by  an  ascent  of  Jn-_ 
tellect  which  has  few  parallels  in  ths  history  of  science, 
rose  to  its  grandest  applications;  Joule  vH/rlcfd  his  theory 
out,  and  gave  it  the  solidity  of  experimental  truth. 
True  to  the  speculative  instinct  of  hia  coiintry,  Mayer 
drew  large  and  weighty  conclusions  from  slender  pre- 
misses, creative  genius  atoning  for  the  scantiness  of  data ; 
while  tlie  Englishman  aimed,  above  all  things,  at  the 
firm  establishment  of  facts.  The  future  historian  of 
science  will  not^  I  thiuV,  place  these  men  in  anta- 
gonism. To  each  belongs  a  reputation  which  can  never 
fade,  for  the  share  he  has  had,  not  only  in  establishing 
the  dynamical  theory  of  heat,  but  also  in  leading  the  way 
towards  a  right  appreciation  of  the  general  enei^es  of  the 
universe. 

In  lifting  a  pound  weight  then,  by  boat,  to  a  height  of 
772  feet,  an  amount  of  heat  is  consumed  which  would 
raiaa  a  pound  of  water  from  60^10  61**  F.;  while  in 
felling  from  the  same  height  this  amount  of  boat  would 
be  generated.  In  order  to  imprint  upon  your  minds  the 
thermal  effect  produced  by  a  body  falling  from  a  height, 
I  will  go  through  the  operation  of  allowing  a  lead  ball  to 
fall  from  our  ceiling  upon  this  floor.  That  the  ball  is 
at  the  present  moment  slightly  colder  than  the  air  of  this 
room  is  proved  by  bringing  the  lead  into  contact  with  the 
thermo-pile ;  the  deflection  of  the  needle  indicates  cold* 
On  the  floor  is  placed  a  slab  of  iron,  intended  to  receive 
the  lead,  and  also  cooler  than  the  air  of  the  room.  At  the 
top  of  the  house  is  an  assistant,  who  will  pull  up  the  ball 
by  means  of  a  string.  He  will  not  touch  the  ball,  nor 
will  he  allow  it  to  toTich  anything  else.    7%e  lead  now 
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bUo,  and  ia  received  upon  the  plate  of  Iron.  The  amount 
of  beat  gcoerated  bj  a  dngle  shock  is  very  small,  becauM 
thft  height  is  inooosidenble ;  we  will,  therefore^  allow  tbft^i 
ball  to  be  drawn  up  and  to  descend  three  or  four  times  in 
EQccession.  After  the  fourth  collision  I  place  the  ball 
upon  the  pile ;  the  immediate  deflection  of  the  needle^ 
direction  declares  the  lead  to  be  heated.  According  to 
tbe  dynamical  theory,  the  motion  of  the  lead,  as  a  mase^^ 
has  been  transferred  to  tbe  atoms  of  the  mass,  producii 
amoDg  them  tbe  agitation  we  call  heat. 

We  can  readily  calculate  the  amount  of  heat  generated 
in  this  experiment.  Tbe  space  fallen  through  by  tbe  ball 
in  each  instance  is  26  feet.  Tbe  heat  generat45d  is  pro- 
portional to  the  height  throxigh  which  the  body  falls. 
Now  a  ball  of  lead  in  falling  through  772  feet  woidd  gene- 
rate beat  sufficient  to  raise  its  own  temperature  30°  K,  ita 
*  capacity  *  being  -j^th  of  that  of  water :  hence,  in  falling 
through  26  feet,  which  is  in  round  numbers  j^th  of  772, 
the  heat  generated  would,  if  all  concentrated  in  the  lead, 
raiM  its  temperature  one  degree.  This  ia  the  nmounb  of. 
heat  produced  by  a  single  descent  of  the  boll,  and  four* 
times  this  amount  would,  of  course,  be  generated  by  four 
descents.  The  heat,  however,  is  not  all  concentrated  in 
the  ball ;  a  small  portion  of  it  belongs  to  the  iron  on 
which  it  falls. 

It  is  needless  to  fay,  that  if  motion  be  imparted  to  a 
body  by  other  means  than  gravity,  tbe  destruction  of  this 
motion  also  produced  heat.  A  riOe  bullet  when  it  strikes 
a  target  is  intensely  heated.  The  mechanical  equivalent 
of  heat  enables  u.<)  to  calculate  with  accuracy  the  amount 
of  heat  generated  by  the  bullet,  when  its  velocity  is  known. 
This  is  a  point  worthy  of  our  attention,  and  iu  dealing 
with  it  permit  me  to  address  myself  to  those  of  my  audi- 
ence who  are  unacquainted  with  even  the  elements  of 
mechanics.     Everyone  knows  that  the  greater  the  height 
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from  which  a  body  fells,  the  greater  ib  the  force  with 
which  it  strikes  the  earth,  and  that  this  is  entirely  due  to 
the  greater  velocity  imparted  to  the  body  in  falliog  &om 
the  greater  height.  The  velocity  is  not,  however,  pro- 
portional to  the  height.  If  the  height  be  augmented 
four-fold,  the  velocity  is  augmented  only  two-fold ;  if  the 
height  be  augmented  nine-fold,  the  velocity  is  augmented 
only  three-fold  ;  if  the  height  be  augmented  siztcen-foldy 
the  velocity  is  augmented  only  four-fold :  or,  expressed 
generally,  the  height  is  proportional  to  the  square  of  the 
velocity. 

Itut  the  heat  generated  by  the  collision  of  the  falling 
body  increases  simply  as  the  height ;  consequently,  the 
heat  generated  increcises  as  the  square  of  the  vdoeiiy. 

If  therefore  we  double  the  velocity  of  a  projectile,  wo 
augment  the  heat  generated,  when  its  motion  ia  destroyed, 
four-fold ;  if  we  triple  its  velocity,  We  augment  the  heat 
nine-fold  ;  if  we  quadruple  the  velocity,  we  augment  the 
heat  sixbeen-fold,  and  so  on. 

The  velocity  imparted  to  a  body  by  gravity  in  falliog 
through  772  feet  is,  in  round  numbers,  223  feet  a  second; 
that  ia  to  sny,  immediately  Itefore  the  body  atrikes  the 
earth,  tbia  is  its  velocity.  Six  times  this  quantity,  or 
1 ,338  feet  a  second,  would  not  be  an  inordinate  velocitj 
for  a  rifle  bullet. 

But  a  rifle  bullet,  if  formed  of  lead,  moving  at  a 
velocity  of  223  feet  a  ftccond,  would  generate  on  striking  a 
target  an  amount  of  heat  which,  if  concentrated  in  the 
bullet,  would,  as  already  shown,  raise  it^  temperature  30" 
F. ;  with  6  times  this  velocity  it  would  generate  36  times 
the  amount  of  heat ;  hence  36  times  30,  or  1,080%  would 
repreaeut  the  augmentation  of  the  temperature  of  the 
bullet  on  striking  a  target  with  a  velocity  of  1,338  feet  a 
second.  If  all  the  heat  generated  were  confined  to  the 
bullet  itself,  tin's  amount  of  heat  would  be  sufficient  to  fuaoj 
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the  lead.  This  was  summ^  in  1862,  when  I  first  wrote 
on  this  subjecl,  and  in  the  Franco-German  war  of  1870 
the  partial  fiision  of  Chassepot  btilleU  by  their  impact 
against  bones  was  actually  observed.  Were  the  ball  iron 
instead  of  lead,  the  heat  generated,  imder  the  conditions 
nippoecd,  woidd  be  competent  to  raise  the  temperature  of 
the  ball  only  about  Jrd  of  1 ,080%  because  the  capacity  of 
iron  for  heat  is  about  three  times  that  of  lead. 


If  we  could  allow  air  to  expand   witbout   any  final 

performance  of  work,  and  if  the  temperature  of  such  air 

remained  unchanged,  notwithstanding  its  expansion,  we 

should  have  oiu*  reasoning*  clenched  in  a  Teiy  conclusive 

manner.     The  experiment  is  not 

only  possible,   but    it    has    been 

made.     For  its  iirst  form  we  are 

indebted  to  Gay-Lussac,  who  did 

not  see  its    significance.      These 

two  copper  vessels,  a,  B  (fig.  46), 

are  of  the  same  size:  one  of  them, 

t,  is  exhausted,  and  the  other,  B, 

filluj  with  air.     I   turn  the  cock 

c  ;  the  air  rushes  out  of  a  into  a, 

until  an   equilibrium  of  pressure  is  established  in  both 

Teasels.     Experiments  which  we  have  already  made  inform 

ivi  that  the  working  air  which  remains  in  s  must  be  chilled. 

The  atoms  enter   a  with  a  certain  velocity,  to  generate 

which  the  heat  of  the  air  in  B  has  been  sacrificed  ;  but  they 

immediately  strike  against  the  interior  surface  of  a,  their 

motion  of  translation  is  arrested,  and  the  exact  quantity 

of  heat  lost  by  b  appears  in  a.     The  contents  of  a  and  B 

mixed   together,  give   air  of  the   original   temperature ; 

there  is  no  work  performed,  and  there  is  no  heat  lost. 

This  was  Gay-Lussac's  result.     With  the  dynamical  theory 

of  heat  in  view,  Dr.  Joule  expanded  this  experiment  by 
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compressing  twenty-two  atmoRpberes  of  air  into  one  of  his 
vesseU)  while   the   other   was   exhausted.     Placing  both 

[  vessels  id  water,  kept  properly  agitated,  bo  augmentation 

lof  ita  temperature  was  observed,  when  the  gas  was  allowed 

'to  stream  from  one  vessel  into  (he  other.' 

Let  the  top  of  the  cylinder  (fig.  44,  p.  125)  be  elosed, 
and  let  the  half  above  the  piston  p  be  a  perfect  vacuum ; 
let  the  air  in  the  lower  half  be  heated  up  to  273*  C,  it« 
volume  being  kept  constant.  Supposing  the  piston  to  vanish 
Buddenly*  the  air  would  instantly  expand  and  fill  the 
cylinder.  The  lower  portion  of  the  column  would  thereby 
be  chilled,  but  the  upper  portion  would  be  heated,  and 
mixing  both  portions  together,  we  should  have  the  whole 
column  at  a  temperature  of  273**.  In  this  case,  we  raise 
the  temperature  of  tlie  gas  from  0*  to  273**,  and  afterwards 
allow  it  to  double  its  volume;  the  temperatui-es  at  tlie 
commencement,  and  at  the  end,  are  the  same  as  when 
the  gas  expands  against  a  constant  pressure,  or  lifts  a 
constant  weight ;  bub  the  absolute  quantity  of  heat  in  the 
lattor  case  is  1*421  times  that  employed  in  the  former — 

[because,  in  the  one  case,  the  gas  performs  mechanical 
work,  while  in  the  other  it  does  not.  It  was  a  similar 
result,  obtained  in  his  experiments  on  steam,  that  caused 
the  illustrious  French  physicist  Regnaulb  to  give  in  his 
ndltesion  to  the  dynamical  theory  of  heat« 

Rarefaction,  therefore,  is  not  of  itself  sufficient  to  pro- 
duce a  lowering  of  the  mean  temperature  of  a  mass  of  air. 
It  was,  and  is  still,  a  current  notion,  that  the  mere  ex- 
pansion of  a  gas  produce  refrigeration,  no  matter  how 
that  expansion  may  be  eflfeoted.  Tlie  coldness  of  the 
higher  atmospheric  regions  has  been  accounted  for  by 
reference  purely  to  the  expansion  of  the  air.  It  was 
t-hought  that  what  we  have  called  the  'cipacity  for  heat' 
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was  greater  in  the  case  of  the  rarefied  tlian  of  the  un- 
rmrefied  air,  and  that  chilling  mu^t  therefore  be  the  con- 
sequenoe  of  rarefaction.  Both  theory  and  experiment 
prove  that  there  is  no  such  difference  of  capacity  as  that 
here  assumed.  Tlie  refrigeration  which  accompanies  ex* 
pangion,  when  air  spcentis  from  low  to  high  elevation*, 
is  due  to  tb€  consumption  of  heat  in  the  work  of  forcing 
back  the  atmosphere  surroimding  and  pressing  against  the 
expanding  air,  Where  no  work  is  performed,  there  is  no 
absolute  refrigeration.  All  this  needs  reflection  to  arrive 
at  clearness,  but  every  effort  of  this  kind  which  you  make 
will  render  your  subsequent  efforts  easiex;  and  should  you 
failf  at  present,  to  gain  clearness  of  comprehension,  I 
repeat  my  recommendation  of  patience.  Do  not  quit  this 
portion  of  the  subject  without  an  effort  to  comprehend  it 
— wrestle  with  it  for  a  tirae^  but  do  not  despair  if  you 
fail  to  arrive  at  clearness. 

In  bis  •  Eesearchefc  in  Chemistry  and  Physics,'  *  Faraday 
mentions  a  case  in  which  the  effect  referred  to  a  moment  ago 
virtually  oliserved.  His  explanation  is  an  instructive 
stance  of  the  application  of  the  material  theory  of  he^t. 
Referring  to  an  observation  made  by  him  at  the  Portable 
Gas  Works,  in  1827,  he  writes:  *It  frequently  happens 
that  gas,  previously  at  the  pressure  of  thirty  atmospheres, 
is  suddenly  allowed  to  enter  long  cylinders,  at  wliicb  time 
a  curious  effect  u  observed.  That  end  of  the  cylinder 
at  which  the  gas  enters  becomes  very  much  cooled,  whilflt, 
on  the  contrary,  the  other  end  acquires  a  considerable  rise 
of  temperature.  The  effect  ie  produced  by  change  of 
capacity  in  tkegae',  for  as  it  enters  the  vessel  from  the 
parts  in  which  it  was  previously  confined,  at  a  pressure  of 
thirty  atmospheres,  it  suddenly  expands,  has  its  capacity 
for  hc>at  Increased,  falls  in  temperature,  and  consequently 
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cools  that  part  of  the  vessel  with  which  it  firet  come* 
in  contact.  But  the  part  which  has  thus  takcB  heat  from 
the  vesBcl  being  thniat  forwards  to  the  farther  extremity 
of  the  cylinder  by  the  successive  portions  which  enter,  in 
there  compre&ied  by  them,  kae  its  capacity  di/minish^ 
and  now  gives  out  that  heat^  or  a  part  of  it,  which  it  had 
the  moment  before  absorbed.*  I  have  italicised  the  phrases 
which  express  the  old  notion.  The  difference  in  capacity 
here  assumed  is  now  known  to  liave  no  existence. 

Our  sketch  of  the  efforts  made  to  establish  a  fixed 
numerical  relation  between  heat  and  work  would  not  be 
complete  without  reference  to  the  labours  of  M.  Colding. 
In  an  essay  entitled  *  Theses  concerning  Force '  presented 
to  the  Royal  Society  of  Copenhagen  in  1843,  this  philoso- 
pher described  a  series  of  experiments,  made  with  the  view 
of  ascertaining  the  quantity  of  heat  generated  by  the 
friction  of  various  metals  gainst  each  other,  and  against 
other  substances,  and  of  determining  the  amount  of 
mechanical  work  consumed  in  its  generation.  In  an 
accoimt  of  his  researches  given  by  himself  in  the  Philoso- 
phical Magazine  (vol.  xxvii.  p.  5G),  he  states  that  the 
result  of  his  experiments,  nearly  200  in  number,  was  that 
the  heat  disengaged  was  always  proportional  to  the 
mechanical  energy  lost.  Independently  of  the  materials 
by  which  the  heat  was  generated,  M.  Colding  found  that 
an  amount  of  heat  competent  to  raise  a  pound  of  water 
V  C.  would  raise  a  weight  of  one  pound  1,148  feet  high  ; 
a  most  remarkable  result.  M.  Colding  starts  from  the 
principle  that  'as  the  forces  of  nature  are  something 
spiritual  and  immaterial  —entities  whereof  we  are  cognisant 
only  liy  their  mastery  over  nature — those  entities  must 
of  course  be  very  superior  to  everything  material  in  the 
world ;  and  as  it  is  obWous  that  it  is  through  them  only 
that  the  wisdom  we  perceive  and  admire  in  nature  ex- 
presses itself,  these  powers  must  evidently  be  in  relation 
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to  the  spiritual,  immaterial,  and  intellectual  power  iteelf 
that  ^ides  nature  io  its  process;  but  it' such  is  the  cascr 
it  is  consequently  quite  impossible  to  conceive  of  these 
forces  as  anything  naturally  mortal  or  perishable.  Surely, 
therefore,  the  forces  ought  to  be  regaitied  as  absolutely 
imperishable/  The  case  of  M.  ColtUog  shows  how  a 
Bpeeulation,  though  utterly  unphysical,  may,  by  gtim«- 
latiog  experiment,  be  the  means  of  developing  important 
physical  results.  Joule,  it  may  be  added,  also  entertained 
a  super-physical  notion  which  prevented  him  from 
ascribing  to  the  Creator  the  generation  of  forces  which 
could  ever  be  destroyed ;  while  contemporaneously  with 
his  physical  lalxiurs  Mayer  was  occupied  with  *  the  tran- 
scendental truths  of  religion.'  All  these  men,  and  Rumfnrd 
may  be  classed  along  with  them,  drew  a  portion  of  their 
motive  power  from  an  ideal  source.^ 


ABSOLUTS  2EB0   OF   TBMPERAT0BB, 

I  have  DOW  to  direct  your  attention  to  one  other  im- 
portant quefltioD.  We  have  seen  the  elastic  force  of  air 
augmented  by  an  Increase  of  temperature.  It  has  been 
shown  that  in  the  case  of  a  rigid  envelope  we  have,  for 
evrry  degree  of  tempcruturCf  a  certain  definite  increment 
of  elastic  force,  due  to  the  augmented  energy  of  the 
gHseous  projectiles.  Reckoning  from  0**  C.  upwards,  we 
find  that  every  degree  added  to  the  temperature  produces 
an  augmentation  of  elastic  force,  equal  to  ^^  of  that 
which  the  air  possesses  at  0''  C,  and,  hence,  that  by  raising 
the  temperature  to  273**  C.  we  double  the  elastic  force. 
An  imago  will  fix  all  this  for  ever  in  your  minds,  and 
enable  you  to  aee  clearly  certain  consequences  that  flow 
from  it.  Supposing  you  have  a  purae  containing  at  the 
outset  the  sum  of  1/.  2«.   9d.,  in  penny  pieces,  and  that 
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you  have  a  volume  of  gas  at  the  temperature  of  0°  C.  Lot 
the  air  be  graduallj  warmed,  and  for  every  degree  of 
temperature  Imparted  to  it  let  a  penny  piece  be  added  to 
the  store  already  in  your  purse.  A  single  de^ee  would 
then  raise  your  money  to  274  pennies  ;  ten  degrees  to 
283  pennies;  one  hundred  degrees  to  373  pennies;  while 
273  degrees  would  augment  your  store  to  546  pennies. 
You  have  thus,  at  the  end,  twice  the  eum  you  possessed  at 
starting,  and  you  have  also  twice  the  elastic  force. 

And  now  let  us  invert  the  whole  proceeding.  Start- 
ing with  a  temperature  of  273°  C.  and  with  546  pennies 
in  the  purse,  let  us  gradually  cool  the  air,  removing  a 
penny  for  every  degree  of  temperature  taken  away  from 
it.  On  reaching  0°  C.  we  should  obviously  have  273 
pennies  in  our  purse.  But  there  is  no  magic  in  the 
temperature  0°  C.  which  could  cause  the  value  of  a  dt^ee 
of  chilling  to  change  at  that  particular  point.  Below 
it^  as  above,  the  value  will  be  still  a  penny.  Let  us,  then, 
continue  the  cooling  process,  throwing  away  a  penny  per 
degree  as  before.  One  degree  of  chilling  would  lessen 
our  cash  one  penny,  lO''  ten  pennies,  100°  one  hundred 
pennies,  while  273^  of  chilling  would  entirely  empty  our 
purse.  The  diminution  of  pressure  would  here  follow  the 
same  nde  as  the  diminution  of  L-ash,  were  it  not  that  the 
molecular  forces  which  areinsensible  at  higher  temperatures 
oome  into  play.  At  273"  below  zero  centigrade  we  should 
empty  at  the  same  time  our  purse  of  pennies  and  our  air 
of  pressure.  The  air  would  then  have  sunk  to  ike  absolute 
zero  of  temperatuTe,  The  absolute  zero  has  never  been 
attained,  and  long  before  reaching  it  all  gases  would 
become  Hipiids,  ceasing  to  follow  the  law  of  diminution  of 
clastic  force  which  we  have  here  applied.  Still  the  deter- 
mination of  the  absolute  zero  is  a  point  of  great  im- 
portance, constituting  as  it  docs  a  real  standard  to  which 
temperatures  can  be  referred. 
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Starting,  for  example,  from  the  true  zero,  the  cod- 
venlional  centigrade  zero  would  be  273* ;  aud  reckon- 
ing from  the  true  zero,  we  tave  the  fuudameotal  but 
extremelj  simple  law  that  the  pressure  of  a  perfect  j 
i»  proportional  to  the  absolute  temperature.  But  the 
pressure  depends  wholly  upon  the  projectile  force  of  the 
molecules,  which  is  commonly  called  vis  viva  ;  hence  the 
absolute  temperature  is  proportional  to  the  via  vivAA 
arising  from  the  translatory  or  projectile  motion. 

But  there  may,  and  indeed  muety  be  other  motiona 
tlian  that  of  translation  among  the  moleciJes.  Consider 
the  case  of  two  hilliard  balls  approaching  each  other 
and  coming  into  collision.  If  their  shock  be  direct  or 
central,  they  will  recoil  exactly  as  they  approached ;  but 
if  the  collision,  instead  of  being  central,  be  oblique,  a 
motion  of  rotation  is  added  to  the  motion  of  translation. 
It  is  thus  with  atoms  when  they  fly  singly  through  space. 
The  motion  of  translation,  therefore,  does  not  express  the 
entire  motion  ;  nor  does  the  temperature,  which  is  due 
to  the  motion  of  translation,  express  tho  entire  heoLd 
Thi3  ia  the  case  to  a  much  greater  extent  in  componndJ^ 
gases  than  in  simple  ones.  The  compound  molecules^ 
6y  through  space;  but  a  moment's  reHection  will  satisfy 
you  that  this  translatory  flight  and  mutual  collision  must 
immediately  set  up  other  motions.  Take,  for  example, 
an  assemblage  of  molecules  each  composed  of  three  atoms 
held  within  a  certain  distance  of  each  other  by  a  force  of 
attraction,  and  prevont-ed  from  coming  iftto  actual  contact  by 
a  force  of  repulBion,  These  two  forces  act  the  part  of  elastic 
springs,  and  are  represented  by  such  springg  in  the  annexed 
figure  (fig.  47).  Such  molecules  flying  through  space  and 
clashing  against  each  other  must  add  to  their  translatory 
motion,  aa  wholes,  a  vibratory  motion  of  their  constituent 
atoms.  Now  this  vibration  has  nothing  to  do  with  the 
presBUre  or  expansion  of  the  gas,  which  is   taken  as  a 
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meftfliire  of  its  temperature.  The  vibration,  in  fact, 
though  a  portion  of  the  heat,  is  not  the  portion  by  which 
temperature  h  determined.  Heat  and  temperature, 
therefore,  are  two  distinct  things.  ] 

It  ia,  however,  manifest  that  the  swifter  the  flying 
motion,  the  more  energetic  will  be  the  colUaions,  and  con- 
lequcntly  the  more  intense  the  vibratory  motion  of  the 
atoms.  Indeed,  it  stands  to  reason  that  the  two  kinds  of 
motion  will  be  proportional  to  each  other.     Other  con- 

Fio.  47. 

sidGrations  render  it  certain  that  they  are  so,  so  that  in 
comparative  experiments  we  may  take  the  temperatures 
as  representing  the  relative  total  heats. 


LIQCEFACTION    OF   0A9E8,    INCLUDINO   OXTQEK,    HTDnOOEK, 
AKD   ATU05PHETU0    AIB. 

I  have  already  referred  to  certain  gases  as  *  imperfect,' 
and  as  having  been  liqiieBed ;  and  a  moment  ago  I  re- 
ferred to  the  probability  of  all  gases  assuming  the  liquid 
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fonn  before  reaching  the  absolute  zero  of  temperature. 
Towards  the  end  of  1877  universal  interest  was  excited  by 
the  intelligenoe  that  oxygen,  hydrogen,  and  air  had  been 
liquefied.  It  had  been  long  foreseen  that  such  lique- 
fiiction  would  sooner  or  later  be  effected.  Lavoisier,  for 
example,  speoulabed  on  what  would  occur  if  the  earth  w«re 
transported  to  the  distAnce  of  Saturn  from  the  sun»  and  he 
concluded  that  under  such  circumittances  our  refrigerated 
atmcwphere  would  change  its  gaseous  condition  and 
precipitate  itself  as  a  liquid  or  solid  upon  the  aurfuce  of 
the  earth.  The  subject  soon  pa^ssed  beyond  the  domain  of 
speculation  ;  and  it  is  probable  in  a  high  degree  that  prior 
to  the  year  1800  Monge  and  Clouet,  combining  refrigera- 
tion with  compression,  succeeded  in  liquefying  sulphurouR 
acid  gas.  This,  I  say,  is  in  a  high  degree  proliable ;  but  it 
id  certain  that,  in  1805,  Northmore  succeeded  in  liquefy- 
ing chlorine.  Faraday  pointed  this  out  in  1824;  and  in 
1836,  in  answer  to  criticism,  be  expressed  himself  thus: 
'  When  I  discovered  in  the  course  of  the  same  year  that 
neither  J  nor  Sir  Hurfipkry  Davy  had  the  merit  of  first 
condensing  Uie  gases,  and  especially  chlorine,  I  hastened 
to  perform  what  I  thought  right,  and  had  great  pleasure 
in  spontaneously  d?>ing  justice  and  honour  to  those  who 
deserved  it.* 

Paraday^s  own  condensation  of  chlorine  was  far  more 
than  a  revival  of  the  experiment  of  Northmore.  The 
history  of  this  experiment  is  well  known.  Scheele  had 
discovered  chlorine  in  1774.  Davy  bad  proved  it  to  be 
an  element  in  1810,  and  had  also  shown  that  the  solid 
which  passed  in  those  days  among  chemists  ka  pure 
chlorine,  was  a  hydrate  of  chlorine.  Crystals  of  this 
liydrate  were  collected  by  Faraday  in  the  spring  of  1823. 
He  analysed  the  substance,  and  submitted  the  analysis  to 
Davy,  who  suggested  to  him  to  heat  the  hydrate  in  a 
•ealed  glass  tube.     Chlorine  gas  is  liberated   by   such 
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heating,  and  mny  be  powerfully  selfciroprcawd.  On  the 
5th  of  March  Dr.  Paris  had  lieen  invited  to  dine  with 
Davy,  and  on  his  way  to  dinner  he  tnmed  into  the 
hiboratory  of  the  Royal  Institution,  where  ho  found 
Faraday  with  a  sealed  tube  in  bis  hand  containing  an 
oily  liquid.  This  was  the  tube  containing  the  hydrate 
which  Faraday  had  just  heated.  Paris  rallied  the  young 
chemist  for  using  dirty  tubes  in  his  experiments.  Oa 
tiling  off  tho  sealed  end  of  the  tube,  the  liquid  escaped 
with  explosive  violence.  On  the  following  day  Dr.  Paris 
received  a  note  from  Faraday,  stating:  'The  oil  you 
noticed  yesterday  turns  out  to  be  liquid  chlorine.*  The 
gas  had  been  liquefied  by  seir-compression.  At  the 
same  time  Da\'y  lirpieBed  muriatic  gas  by  the  same 
method,  and  Faraday  soon  afterwards,  invoking  the  aid  of 
ordinary  mechanical  pressure,  added  five  other  gases  to 
the  list  of  those  liquefied.  In  1844  ho  returned  to  the 
Mibject,  and  extended  iU  boundaries.  He  tried  oxygen 
and  failed,  but  he  held  fast  to  the  belief  that  the  day 
would  come  when  it,  and  the  other  eo-called  permanent 
gasefl,  would  be  converted  into  liquids. 

Colladon  and  others  tried  such  experiments,  but  failed. 
Mr.  Perkins  subjected  air  to  a  pressnre  of  1,100  atmo- 
spheres, and  thought  that  he  had  liquefied  it.  This, 
however,  was  not  tho  case.  Natterer  of  Vienna  subse- 
quently took  up  the  question,  bringing  enormous  forces 
t^  bear.  He  subjected  oxygen  to  a  prespure  of  1,354 
atmospherotf,  while  in  the  case  of  hydrogen  and  nitrogen 
he  applied  a  pressure  of  2,790  atmospheres.  In  1856,  in 
company  with  Dr.  Franklaod,  I  paid  a  visit  to  M. 
Natterer  in  Vienna,  and  he  then  showed  us  a  small  steel 
cylinder  which  had  been  actually  shortened  by  the  force 
with  which  it  was  pressed  against  a  r&iisting  gas. 

The  subject  slumbered  for  a  time,  but  attention  was  again 
forcibly  called  to  the  general  question  by  tho  reaearchet 
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of  Dr.  Andrews,  of  Belfast,  which  threw  a  flood  of  light  on 
the  relations  of  the  liquid  to  the  gaseous  states  of  matter. 

In  1877  M.  Caillt-'tet  had  liquefied  nitric  oxide  and 
acety!ene»  and  on  the  Sod  of  December  he  pkced  in 
the  hands  of  M.  Henri  Saint-Claire  Deville  a  note 
wherein,  in  cautious  but  distinct  terms,  he  announced  the 
liqueiaction  of  oxygen.  On  the  I6th  of  the  sume  month 
he  repeated  his  experiments  in  the  presence  of  Beveral 
members  of  the  Institute.  His  plan  of  operation  involved 
the  application  of  the  principle  of  refrigeration  by  ex- 
paofiion  which  we  have  already  illustrated.  By  instru- 
ments of  great  strength,  and  supreme  accuracy  of  fit,  ho 
was  able  to  subject  a  volume  of  oxygen  gas  to  a  pressure 
of  300  atmospheres.  He  migbt  have  multiplied  this 
piesBure  tenfold  without  liquefying  the  gas,  but  instead 
of  augmenting  the  preesore,  he  suddenly  released  the  gas 
from  the  pressure  imposed  upon  it.  It  forcibly  expanded, 
and  the  cold  of  expansion  caused  the  gas  to  precipitate  it- 
self as  a  cloud,  which  the  eminent  men  who  witnessed  the 
experiment  agreed  in  pronouncing  Ii(|ui(l  oxygen.  He 
subsequently  applied  the  same  method  with  success  to 
nitrogen,  hydrogen,  and  air;  all  of  which,  through  the 
combination  of  preastu'e  with  sudden  release  from  pressure, 
were  caused  to  precipitate  themselves  in  clouds. 

M.  Raoul  Pictet  followed  another  method.  The 
pressure  at  which  carbonic  acid  gas  liquefies  varies  with 
the  temperature  of  t lie  gas;  and  M.  Pictet's  first  object 
was  to  produce  a  vessel  cooled  to  such  a  degree  that  lai-ge 
quantities  of  carbonic  acid  gas  could  be  liquefied  in  it  by 
a  moderate  pressure.  To  chill  his  vessel  be  employed 
liquid  sulphurous  acid,  which,  by  means  of  a  pump,  was 
caused  to  travel  in  a  circuit  in  which  it  was  alternately 
vaporised  and  recondensed.  Through  the  vaporisation  a 
cold  of  65"  below  0°  C  was  produced ;  and  at  this  tem- 
perature the  carbonic  acid  was  liquefied  by  a  preissure  of 
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from  four  to  six  atmoepheres.  Br  the  evaporation  of  the 
liquid  (airbonic  acid  a  cold  of — 130°  was  produced.*  A 
strong  tube,  surrounded  by  an  envelope  of  this  temperature, 
was  connected  with  an  iron  vessel  containing  the  materials 
necessary  for  the  generation  of  oxygen.  The  gas  bein^  * 
liberated  entered  the  chilled  tube,  where  it  became  more 
and  more  subjected  to  its  own  pressure.  The  method,  it 
will  be  observed,  is  substantially  that  which  Faraday  and 
Davy  had  pursued  with  chlorine  and  muriatic  gas,  the  aim 
of  3J.  Pictet  being  to  liquefy  the  oxygen  by  self-compre»- 
siou.  At  a  presure  of  470  atmospheres  with  a  tempera- 
ture of  -^130%  the  deportment  of  the  oxygen  showed  that 
it  must  have  been  liquefied.  Hydrogen  was  subsequently 
liquefied  by  the  same  process.  It  is  impossible  not  to 
admire  the  penetration,  the  ardour,  and  indeed  the  courage  i 
displayed  by  M.  Raoul  Pictet  in  conducting  this  memorable 
experiment.* 

'  Tbe  CKon  of  this  lowering  of  tcmpeniture  vtll  be  wt  forth  la  a  fntan 
leetare. 

*  A  t«IpgT*m  ooDonnein^  his  resnlt  «u  r«e«iT«d  faj  ma  from  U.  Bwind 
Pictoi  on  Chnvtnuu  loorutiig,  1877. 
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or  icsuurs. 

IN  the  vast  majority  of  caaes  the  passage  of  bodies  &om 
the  liquid  to  the  solid  state  is  accompanied  by  con- 
traction. Over  hot  water  contained  in  a  round  glass  dish, 
I  pour  a  quantity  of  melteil  wax.  The  wax  forms  a  liquid 
layer  nearly  half  an  inch  tbiok  abore  the  water.  We 
will  suffer  both  water  and  wax  to  cool;  in  cooling,  the 
wax,  which  now  overspreads  the  entire  surface  and  ia 
attached  all  round  to  the  glass,  will  retreat,  and  we  shall 
finally  obtain  a  cake  of  considerably  smaller  area  than  the 
dish. 

Reversing  the  process,  wilx,  in  passing  from  the  solid  to 
the  liquid  st&ie,  expands,  a  certain  play  between  the  mole- 
cules being  here  neoessary  to  the  condition  of  liquidity. 
Suppose  we  resist  the  expansion  of  the  wax,  what  would  the 
effect  be  upon  the  temperature  of  liqnefaction  ?  MTien  the 
wax  is  free,  the  heat  has  only  to  conquer  the  at-Lraction  of  the 
molecules ;  but  when  expansion  is  resisted  the  oifiiculty  of 
liquefaction  is  increased.  3y  a  mere  process  of  reasoning, 
we  should  be  led  to  infer  that  a  greater  amount  of  heat 
would  be  required  to  melt  the  wax  under  pressure  than 
that  which  suflRces  when  molecular  attraction  only  is 
overcome;  in  otlier  words,  that  the  point  of  fusion  of  the 
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wax  will  be  elevated  by  pressure.  This  reatwning  is  com- 
pletely justified  by  experiment.  Messrs.  Hopkins  and 
Fairbaim  raised,  by  presinire,  the  melting  point  of  ftome 
substances,  which,  like  wax,  contract  considerably  on 
solidifying,  as  much  as  20°  and  30**  Fabr. 

The  experiments  here  referred  to  connect  themselves 
with  a  very  remarkable  speculation.  The  earth  is  known 
gradually  to  augment  in  temperature  as  we  pierce  it 
deeper,  and  the  depth  has  been  calculated  at  which  all 
known  terrestrial  bodies  would  be  in  a  state  of  fusion. 
Owing,  however,  to  the  enormous  pressure  of  the  super- 
incumbent layers,  the  deeper  strata,  according  to  Mr. 
Hopkins^  would  require  a  far  higher  temperature  to  fuse 
them  than  would  suffice  to  fuse  the  strata  near  the  earth^a 
surface.  Hence  he  inferred  that  the  solid  crust  must  have 
a  considerably  greater  thickness  than  that  given  by  a  cal- 
culation which  assumes  the  fusing  points  of  the  superficial 
and  he  deeper  strata  to  b£  the  same.  Mr.  Hopkins  there- 
fore rejected  the  estimate  of  geologists  that  the  earth 
could  le  a  molten  nucleus  covered  by  a  crust  only  100 
miles  in  thickness,  concluding  that  the  depth  of  the  cru«t 
must  be  at  least  800  miles.  Sir  William  Thomson  con- 
siders it  *  extremely  iraprolmble  that  any  crust  thinner 
than  2,000  or  2,500  miles  could  maintain  its  figure  with 
sufficient  rigidity  against  the  tide-generating  forces  of 
sun  and  moon,  to  allow  the  phenomena  of  the  ocean  tides 
and  of  precession  and  nutation  to  be  as  they  now  are.' 

The  deportment  of  ice  is  opposed  to  that  of  wax.  Ice 
on  liquefying  coTitrctctsi  in  the  arrangement  of  its  mole^ 
culesto  form  a  solid,  more  room  is  required  than  they  need 
ID  the  neighbouring  liquid  state.  No  doubt  this  is  due 
to  crystalline  arrangement.  When  the  crystallising  force 
comes  into  play,  the  attracting  poles  of  the  molecules 
unite  so  as  to  leave  larger  interatomic  spaces  in  the  mass. , 
We  may,  as  already  explained,  suppose  the  nmleculca  to 
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aliach  themselves  by  their  oornere ;  and,  in  turning  corner 
to  comer,  to  caose  a  virtual  augmestatiou  of  bulk.  At 
all  eventa,  the  molecules  retreat  from  each  other  when 
8oUdi6catioQ  seta  in.  it  U  evident  that  pressure,  in  this 
case,  would  resist  the  expansion  vhicb  is  necessary  to 
solidification,  and  hence  the  tendency  of  pressure,  in  the 
case  of  water,  is  to  keep  it  liquid.  Thus  reasoning,  we 
should  be  led  to  the  conclusion  that  the  fusing  points 
of  substances  which  expand  on  solidifying  are  lowered  by 
pressure. 

Profeasor  James  Tbomson  was  the  first  to  infer,  from  a 
principle  enimoiated  by  Camot,  this  lowering  of  the  freez- 
ing point,  and  bis  theoretic  deduction  was  completely 
verified  by  the  experiments  of  Sir  William  Thomson. 
Soon  afterwards,  Professor  Clausius  proved  the  result  to 
be  in  harmony  with  the  mechanical  theory  of  heat. 

Before  you  is  a  small  pillar  of  clear  ice  an  inch  and 
a  half  in  height,  and  about  a  square  inch  in  cross  section. 
Its  present  temperattuie  is  C*  C.  If  that  ioe  be  8ul>- 
jected  to  pressure  it  will  melt  at  a  temperature  under 
0"  C. ;  hence  the  temperature  which  it  now  possesses  is  in 
excess  of  that  at  which  it  will  melt  under  pressure.  The 
ioe  is  cut  so  that  its  planes  of  freezing  are  perpendicular 
to  the  height  of  the  pill^ir.  I  set  the  column  of  ice,  l 
(fig.  48\  upright  between  two  slabs  of  boxwood,  b'  b,  and 
place  the  whole  between  the  plates  of  a  small  hydraulio 
press,  A  strong  luminous  beam  passes  through  the  ice ; 
the  beam  having  been  previously  sent  through  water  to 
deprive  it  of  the  power  of  melting  the  ice.  The  sifted 
light*  now  passes  through  the  substance  without  causing 
fusion.  In  front  of  the  press  is  placed  a  lens,  and  by  lb  < 
a  magnified  image  of  the  ice  is  projected  upon  the  screen* 
Working  the  arm  of  the  press,  I  gently  squeeze  the  pillar 

*  Tha  *  ilfki  og  *  of  a  ealoriflo  beam  will  ba  fuUj  explained  and  iUoiLmtad 
in  a  nbe«qii«nt,  Le«tnro. 
8 
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of  ice  between  the  two  slaba  of  boxwood.  Dark  streuks 
soon  b^^in  to  druv  themselves  acrou  the  substance,  at 
right  angles  to  the  direction  of  pressure.  Kight  in  the 
Qiiddle  of  the  mass  they  are  appeariog;  and  as  the  pressure 
continues,  the  old  streaks  expand  and  new  ones  are  de- 
veloped. The  entire  column  of  ice  is  now  scarred  hy 
these  transverse  strisB.  Mliat  are  they  ?  They  arc  simply 
liquid  layers  foreshortened,  and  when  you  examine  this 
column  under  pressure,  you  see  the  solid  falling  with  coxx^ 

Fio.  AS. 


motion  into  the  liquid  conditioa.  We  have  here  liquefiea 
the  ice  in  planes  perpendicular  to  the  pressure,  and  these 
liquid  planes  interspersed  throughout  the  mass  give  it 
this  laminated  appearance. 

If  instead  of  diffusing  the  pressure  over  surfaces  of 
considerable  extent,  we  concentrate  it  on  a  small  surface, 
the  liquefaction  will  of  course  be  more  rapid,  and  this  is 
what  Mr.  Bottomley  has  done  in  an  experiment  of  singula! 
beauty  and  interest.  I^t  xis  place  on  two  wooden  supports 
the  two  ends  of  a  bar  of  ice,  II  (fig.  49),  10  or  12  inches 
long,  4  or  5  inches  deep,  and  3  or  4  vide,  and  let  us  loop 
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over  ita  middle  a  copper  wire  one-twentieth,  or  eren  one- 
tenth,  of  an  inch  in  thickness.  Connecting  the  two  endsl 
of  the  wire  together,  and  suspending  from  it  a  weight  w, 
of  12  or  14  pounds,  the  whole  presaure  of  this  weight  is 
concentrated  on  the  ice  which  supports  the  wire.  What 
is  the  consequence  ?  The  ice  underneath  the  wire  liquefies ; 
the  water  of  liquefaction  escapes  round  the  wire,  but  the 
moment  it  is  relieved  from  the  prendre  it  re-freezes,  and^ 
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round  ahont  the  wire,  even  before  it  has  quite  entered  the 
ice,  you  have  n  frozen  casing.  The  wire  continues  to  sink  ; 
the  water  incessantly  escapes,  freezing,  as  it  does  so,  behind 
the  wire.  In  half  an  hour  the  weight  falls ;  for  the  wire  has 
gone  clean  through  the  ice.  We  can  plainly  see  where  it 
has  passed ;  but  the  two  severed  pieces  of  ice  are  so  firmly 
frozen  together  that  they  will  break  elsewhere  quite  as 
readily  as  along  the  surface  of  regolation. 

Another  beautiful  experiment  bearing  upon  this  point 
has  been  made  by  M.  BoussingauU.     He  accurately  filled 
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a  boUow  steel  cylinder  witU  xce-oold  water  and  chilled  it 
still  further.  In  this  caae  the  strong  steel  resiBted  the 
tixpansioQ  necessary  to  the  solidification  of  the  water,  which^ 
in  consequence,  remained  liquid  at  a  temperature  of  more 
than  30*  Falir.  Ijelow  the  ordinary  freering  point.  M'heu 
the  cylinder  was  shaken,  a  bullet  within  it  rattled,  showing 
that  the  water  was  still  liquid  at  this  temperature.  On 
opening  a  tap  the  liquid,  relieved  of  the  pressure,  waa 
instantly  converted  into  ice.  M.  Mousson,  it  may  bo 
added,  has  liquefied  large  quantities  of  ice  by  pressure. 


nsBionoK  ov  icb  bt  badiant  hbat. 

Whether  as  a  solid,  a  liquid,  or  a  gas,  water  is  one  of 
the  most  wonderful  substances  in  nature.  Let  us  consider 
it  a  little  further.  At  all  temperatures  above  32"  F. 
or  0**  C.  the  motion  of  heat  is  sufficient  to  prevent  its 
molecules  from  rigidly  uniting.  But  at  0"  C,  the  hcat- 
motioQ  is  so  reduced  that  the  molecules  begin  to  aggregate 
to  a  solid.  This,  however,  is  a  union  according  to  law* 
To  many  persons  here  prei^ent  a  block  of  ico  may  seem  of 
no  more  interest  and  beauty  than  a  block  of  glass ;  but  in 
reality  it  bears  the  same  relation  to  gluss  thut  orchestral 
harmony  does  to  the  cries  of  a  market-place.  The  ice 
is  music,  the  glass  is  noise ;  the  ice  is  order,  the  glass  is 
confusion.  In  the  glass,  molecular  forces  constitute  an 
inextricably  entangled  skein ;  in  the  ice  they  are  woven  to 
a  symmetric  texture,  the  beauty  of  which  I  will  now  try 
to  make  evident  to  you. 

In  the  solar  beam — or,  failing  that,  m  the  beam  of 
our  electric  lamp — we  have  an  analyst  competent  to  per- 
form the  work  here  contemplated.  Removing  the  agent 
by  which  the  beam  was  sifted  in  the  lastex{>eriment,Isend 
the  rays  direct  from  the  lamp  through  a  slab  of  pellucid 
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ice.  It  will  take  the  crystal  edifice  to  pieces  hy  accurately 
reversing  tlie  order  of  iU  architecture,  Sileutly  and  aym- 
metrically  the  ciystaLUsin^  force  built  the  molecules  up, 
silently  and  symmetrically  the  electric  beam  will  take  them 
dowu.  Compare  the  radiant  beam  before  it  enters  the  ice 
with  the  beam  after  ita  pasftage  through  the  substance. 
To  the  eye  there  ia  no  difference  :  the  light  ia  not  sensibly 
diminished.  Not  so  with  the  heat.  As  a  thermio  agent, 
the  beam,  before  entering,  is  far  more  powerful  than  after 
ita  emergence.  A  portion  of  it  baa  been  arrested  in  the 
ice,  and  that  portion  is  to  be  our  working  analyst.  I 
place  a  lens  in  front  of  the  ice,  and  cast  a  magnified 
image  of  the  slab  upon  the  screen.  Observe  that  image 
(fig.  50).  Here  we  have  a  star,  and  there  a  star ;  and  as 
the  action  continues,  the  ice  appears  to  resolve  itself  into 
HtJirs,  each  one  possessing  six  rays,  each  one  resembling  a 
beautiful  flower  of  six  petals.  When  the  lens  is  shifted 
to  and  fro,  new  stars  are  brought  into  view;  and  as  the 
action  continues,  the  edges  of  the  petals  become  serrated, 
aud  spread  themselves  out  like  fern-leaves  upon  the  screen. 
Probably  few  here  present  were  aware  of  the  beauty 
latent  in  a  block  of  common  ice.  And  only  think  of 
lavish  Nature  operating  thus  throughout  the  world. 
Every  molecule  of  the  solid  ice  which  sheets  the  frozen  lakes 
of  the  North  baS  been  6xed  according  to  this  law.  Nature, 
the  poet  says,  *  lays  her  beams  in  music,*  and  it  is  the 
function  of  science  to  purify  our  organs,  so  as  to  enable 
us  to  bear  the  strain.  Beautiful  as  these  are,  I  have 
frequently  obtained  far  more  perfect  figures  than  those 
here  presented  to  you. 

There  are  two  points  connected  with  this  experiment, 
of  great  minuteness,  but  of  great  interest.  You  see  these 
Bowers  by  transmitted  light — by  the  light,  that  is,  which 
has  passed  through  both  the  Sowers  and  the  ice ;  and  you 
see  a  bubble  in  the  centre  of  each  flower.     In  many  oasM  j 
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the  bubble  movea  before  your  eyes.  When  you  exanune 
the  flowers  by  allowing  a  beam  to  be  reflected  from  them 
to  your  eye,  you  find  in  the  centre  of  each  flower  a  spot 
shining  with  the  lustre  of  burnished  silver.  You  might 
be  disposed  to  think  thin  spot  a  bubble  of  air ;  but  you 
can,  by  immersing  it  in  hot  water,  melt  away  the  cir- 
cumjacent ice.  The  moment  the  epot  is  thus  laid  hare, 
it  collapses,  and  no  trace  of  a  bubble  is  to  be  seen.  Tke 
spot  is  a  vacttum*  We  know  that  ico  in  melting  con- 
tracte  ;  hence  the  water  of  these  flowers  cannot  quite  fill 
the  space  of  the  ice  by  the  fusion  of  which  they  are  pri3- 
duoed ;  a  vacuum  necesijarily  acoompauies  the  formatiun 
of  every  liquid  flower. 


80CKDS   HEARD    Vl    THK   DISSECTION   OF    ICE  ;     TUEIK 
RELATION    TU    DONNY's   lULPERIUENTS. 

^ten  I  first  observed  these  beautiful  figures,  at 
the  moment  when  the  central  spot  apprared  like  a 
point  of  light  suddenly  formed  within  the  ice,  a  click  was 
beard.  At  first  I  thought  it  might  be  imagination  which 
aasod&ted  soimd  with  the  appearance  of  the  spot,  as 
people  who  see  meteors  sometimes  imagine  a  rushing 
noise  when  they  really  hear  none.  The  click,  however, 
waa  a  reality ;  and  if  you  allow  me,  I  will  now  conduct 
you  from  this  trivial  fact  through  a  eeriea  of  interesting 
phenomena  to  a  far-distant  question  uf  practical  science. 

Oases  are  soluble  in  water — some  more,  some  less. 
Oxygen  and  nitrogen  are  thus  soluble,  and  the  same  is 
true  of  the  atmospheric  air  formed  by  their  mixture. 
This  dissolved  air  ia  a  powerful  enemy  to  the  cohesion  of 
water;  and  when  it  is  removed,  the  embrace  of  the 
liquid  molecules  is  greatly  strengthened.  Nature  had 
in  this  way  liquefied  these  permanent  gases  ages  before  they 
were  liquefied  by  man,  thus  providing  us  with  a  measure 
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of  the  power  of  molecular  force,  as  compared  with 
mechanical  force.  By  boiliug  you  may  liberate  this  im- 
prisoned air.  On  heating  a  flaak  of  water,  air-bubbles 
are  soen  crowding  on  itB  sides,  long  before  it  boils,  rising 
through  the  liquid  without  condensation,  and  often  float- 
ing  on  the  top.  The  presence  of  this  air  in  the  water 
promotes  the  ebullition  of  the  liquid.  It  acts  as  a  kind 
of  elastic  spring,  pushing  the  molecules  apart,  and  thus 
helping  them  to  take  the  gaseous  form« 
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When  this  antagonist  to  their  intimate  union  is  removed, 
the  molecules  lock  themselves  together  in  a  far  tighter 
embrace.  One  effect  of  the  withdrawal  of  the  elastic  buffer 
is,  that  the  water  fulls  with  the  sound  of  a  solid  body, 
producing  what  is  called  *  the  water-hammer.*  You  hear 
how  the  purged  liquid  rings  against  the  end  of  a  tube 
containing  it,  when  the  tulje  is  turned  upside  down.  This 
other  tube,  a  b  c  (fig,5lX  bent  into  the  form  of  a  V.  i«  in- 
tended to  show  how  the  cohesion  of  the  water  ia  affected  by 
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long-continued  boiling.  The  wat«r  which  partially  fills  the 
bent  tube  is  first  brought  into  one  arm  of  the  V»  On 
tapping  the  end  of  this  arm  against  the  table  jou  hear, 
at  first,  a  loose  and  jingling  sound.  As  long  as  that 
jingle  is  beard  the  water  is  not  in  true  contact  with  the 
interior  surface  of  the  tube.  As  the  tapping  continues  the 
sound  changes,  becoming  bard  like  that  of  solid  against 
solid.  I  now  raise  the  tube,  and  turn  the  column  of 
water  upside  down ;  it  stands  unsupported  in  the  arm  a  b. 
Freed  from  air  its  parb'cles  cling  so  tenaciously  to  the 
tube  and  lock  tbemselTea  so  firmly  togetlicr,  that  it  re- 
fuses to  falL 

This  cohesion,  moreover,  enables  the  liquid  to  resist 
ebullition.  Water  freed  of  its  air  can  be  raised  to  a 
temperature  of  60°  or  80°  Fahr.,  above  its  ordinary  boiling 
point,  without  boiling.  The  locked  atoms  finally  part 
company,  but  they  do  so  with  the  violence  of  a  spring 
which  suddenly  breaks  under  strong  tension,  and  ebulli- 
tion is  converted  into  ejcplosion.  To  M.  Donny,of  Ghent, 
we  are  indebted  for  the  discovery  of  this  interesting  pr<>- 
perty  of  water. 

Turn  we  now  to  our  ice.  Water  in  freezing  com- 
pletely excludes  the  air  from  its  structure.  All  foreign 
bodies  are  indeed  rejected,  air  among  the  rest.  If,  then, 
we  melt  a  piece  of  pure  ice  whure  air  cannot  approach  it, 
we  sliall  obtain  water  in  its  most  highly  cohesive  condi- 
tion ;  and  such  wat«r  ought,  if  heated,  to  show  the  effpcta 
mentioned.  That  it  does  so  has  been  proved  by  Faraday, 
He  melted  ice  under  spirit  of  turpentine,  and  found  that 
the  liquid  thus  f.^rmed  could  be  heated  far  beyond  its 
boiling  point,  and  that  the  rupture  of  tlie  liquid,  by 
heating,  took  place  with  almost  explosive  violence.  Let 
us  apply  theiw  facts  to  the  siz-petaled  ice-fiowers,  and 
their  little  central  spot.  They  are  formed  in  a  place 
where  no  air  can  come.     Imagine  the  flower  forming,  and 
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gradually  au^motiting  in  size.  The  cohesion  of  tlw  liqmd 
is  BO  great,  that  it  will  pull  the  walU  of  its  ice-obaml)er 
together,  or  even  expand  its  own  volume,  sooner  than 
give  way.  But,  as  Us  size  augments,  the  space  which  it 
tries  to  occupy  becomes  too  large  for  it,  until  finally  the 
liquid  snapii  with  an  audible  click,  and  a  vacuum  is  formed. 
Let  UA  take  our  final  glance  at  this  web  of  relations. 
It  is  very  remarkable  that  a  great  number  of  locomotivea 
have  exploded  on  quitting  the  ahed  where  they  hod  tfr- 
moined  for  a  time  quiescent,  and  just  as  the  engineer 
turned  on  the  steam.  Now,  if  a  locomotive  has  been 
boiling  sufficiently  long  to  expel  the  air  contained  in  ite 
water,  the  liquid  will  possess,  in  a  greater  or  leas  degree, 
the  high  cohesive  quality  to  which  your  attention  has 
bt^en  drawn.  It  is  at  least  conceivable,  that  while  resting, 
previous  to  starting,  an  excess  of  heat  might  be  thus 
stored  up  in  the  boiler,  and,  if  stored  up,  the  mechanical 
act  of  turning  on  the  steam  would  produce  the  rupture 
of  the  cohesion,  and  steam  of  explosive  force  would  in* 
etttntly  be  generated.  I  do  not  say  this  i«  the  case  ;  but 
who  can  say  it  is  not  the  case  ?  We  have  been  dealing 
throughout  with  a  leal  agency,  which  is  certainly  com- 
petent^ if  it«  power  be  invoked,  to  produce  the  efieot« 
ascribed  to  it. 


VAro&t&ATion 'or  watkb — tui  boiumo  fodct. 

As  you  add  beat,  or,  in  other  words,  molecular  motion, 
to  ivateTt  the  moleculea  from  its  &ee  sorCM^e  fly  off  in 
uglBMited  numbefs.  Voa  at  length  approadb  what  is 
cefcUed  the  boUkiff  point  <tf  the  liquid,  where  tbecoDTenaoQ 
into  vapour  »  not  oon6iied  to  the  free  sw&oei,  bat  jsmoBC 
odfrioaa  at  the  boMom  of  the  iraBcl  when  the  heat  is  ^ip|»e<L 
WhsB  water  be«k  ia  a  gb»  beaker,  the  ofeeiMi  is  i 
tBWbUwfrom  th«  bottom  to  the  topivhen  iti 
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a  time,  incloaed  above  hy  a  dome-shaped  film.  To 
produce  these  bubhlea  certain  rcsistAQces  mu^t  be  over- 
come. First,  we  have  the  adbegion  of  the  water  to  the 
veaael  which  contains  it,  and  this  force  varies  with  the 
substance  of  the  vessel.  In  the  case  of  a  glass  vessel,  for 
example,  tho  boiling  point  may  be  raised  two  or  three 
degfrocs  by  adhesion ;  while  in  metal  vessels  this  is  impos« 
able.  The  adhesion  is  often  overcome  by  fits  and  starts, 
vhich  may  be  so  augmented  by  the  introduction  of  certain 
salts  into  the  liquid,  that  a  loud  bumping  sound  accom- 
panies the  ebullition ;  the  detachment  is  in  some  oases  so 
sudden  and  violent,  as  to  cause  the  liquid  to  leap  bodily 
out  of  the  vessel. 

A  second  antagontstn  to  the  boiling  of  the  liquid  is 
the  attraction  of  the  molecules  for  each  other;  a  forco 
which,  as  we  have  seen,  may  become  very  powerful  inhen 
the  liquid  is  piugedof  air.  This  is  not  only  true  of  water, 
but  of  other  liquids — of  all  ethers  and  aloohols,  for 
example.  If  we  connect  a  small  flaak  containing  ether  or 
alcohol  with  an  air-pump,  a  violent  ebullition  occurs  in 
the  liquid  wben  the  pump  is  first  worked ;  but  after 
the  air  has  been  removed  from  the  liquid,  we  may,  in 
many  cases,  continue  to  work  the  pump  without  produciug 
any  sensible  ebullition;  the  free  surface  alone  of  tho 
liquid  yielding  vapour. 

But  in  order  that  steam  should  exist  in  bubbles,  in  the 
interior  of  a  mass  of  liquid,  it  must  be  able  to  resist  two 
other  things — the  weight  of  the  water  above  it,  and  the 
weight  of  the  atmosphere  above  the  water.  What  the 
atmosphere  is  competent  to  do  may  be  thus  illustrated, 
Tbis  tin  cjiinder  contains  a  little  water,  which  is  kept  boil- 
ing by  a  small  lamp.  At  the  present  moment  all  the  space 
above  the  water  is  filled  with  steam,  which  issuas  from  a 
stopoock.  J  shut  the  cock,  withdraw  the  lamp,  and  pour 
cold  water  upon  the  tin  vessel.    The  steam  within  it  is 
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condensed,  the  elastic  cushion  which  pushed  the  sides  out- 
wards iu  opposition  to  the  pressure  of  the  atmosphere  is 
•withdrawn,  and  the  sides  of  the  vessel  are  crushed  and 
crumpled  up  hy  the  atmospheric  preraurr.  This  pressure 
amounts  to  15  lbs.  on  every  square  inch  :  how,  then,  can  a 
thing  so  frail  as  a  bubble  of  steam  exist  on  the  surface  of 
boiling  water?  Simply  because  the  elastic  force  of  the 
steam  within  the  bubble  is  exactly  equal  to  that  of  the 
atmosphere  without;  the  liquid  film  is  pressed  between 
two  elastic  cushions  which  exactly  neutralise  each  other. 
If  the  steam  were  predominant,  the  bubble  would  burst 
&om  within  outwards ;  if  the  air  were  predominant,  the 
btibhle  would  be  crushed  inwards.  Here,  then,  we  have 
the  true  definition  of  the  boiling  point  of  a  liquid.  It  ia 
that  temperature  at  which  the  tension  of  its  vapour  exactly 
balances  the  pressure  of  the  atmosphere. 

As  we  ascend  a  mountain,  the  pressure  of  the  atmo- 
sphere above  us  diminishes,  and  the  boiling  point  is 
correspondingly  lowered.  On  an  August  morning  in  1859 
I  found  the  temperature  of  boiling  water  on  the  summit 
of  Mont  Blanc  to  be  184-95*  F. ;  that  is,  about  twenty- 
seven  degrees  lower  than  the  boiling  point  at  the  sea  level. 
On  August  3,  1858,  the  temperature  of  boiling  water  on 
the  summit  of  the  Finsteraarhoni  was  187*  F,  On  August 
10,  1858,  the  boiling  point  on  the  summit  of  Monte  Bosa 
was  184-92°  F.  The  boiling  point  on  Monte  Bosa  is 
shown  by  these  observations  to  be  almost  the  same  as  it 
was  found  to  be  on  Mont  Blanc,  though  the  latter  exceeds 
the  former  in  height  by  500  feet.  The  fluctuations  of  the 
barometer  are,  however,  quite  sufficient  to  account  for  this 
anomaly.  The  lowering  of  the  boiling  point  is  about  1"  F. 
for  every  590  feet  of  elevation;  and  from  the  tempera- 
ture at  which  water  boils,  we  may  approximately  infer  the 
height.  It  is  sometimes  said,  that  to  make  good  tea  at 
levels,  boiling  water   is   essential ;   if  this  were  so, 
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it  U  erident  that  the  beverage  could  not  be  procured,  in 
all  iU  exoellenoe,  at  the  higher  stations  of  the  Alps.  The 
tea  there,  however,  ia,  or  at  all  cvenU  may  be,  excellent. 

Our  next  experiment  will  illustrate  the  dependence 
of  the  boilLng  point  on  external  pressure.  The  fla«k  f 
(Hg.  52)  contains  water  ;  while  from  a  second  and  much 
larger  one,  O,  the  air  has  been  removed  by  an  air-pump 

Fio.  6% 


The  two  flasks  are  connected  together  by  a  system  of 
cocks,  which  enables  me  to  establish  a  communication 
between  them.  The  water  in  the  smaW  flask  has  been 
boiling  for  some  time,  the  eteam  generated  escaping 
through  the  cock  y.  I  now  remove  the  spirit-lamp,  and 
torn  the  oock  y,  8*3  as  to  shut  out  the  air.  'I'lie  water 
oeases  to  boil,  and  pure  steam  now  fillB  the  fla.'ik  alKive 
it.    We  will  give  the  water  time  to  cool  a  little.    At 
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intervals  you  Bee  a  bubble  of  steam  rising,  becauiie  the 
pressure  of  the  vapour  on  tbe  water  in  the  6ask  v  is  gr^ 
dually  becoming  loss  through  its  own  slow  oondenitation 
When  this  is  hastened  by  pouring  cold  water  on  the  Bnsk, 
the  babbles  are  more  copiously  generated.  By  plunging 
the  flask  bodily  into  cold  water  we  might  cause  it  to  boil 
violently.  The  water  in  r  is  now  at  rest,  and  some  de- 
grees below  its  ordinary  boiling  point.  I  turn  the  cock  c, 
which  opens  a  way  for  the  escape  of  tlie  vapour  into  the 
exhausted  vessel  o ;  the  moment  the  pressure  is  dimiuitihed 
ebullition  begins  in  F ;  while  the  condensed  steam  showers 
in  a  kind  of  rain  against  the  sides  of  the  vessel  o.  By 
keeping  o  cool,  and  thereby  preventing  the  vapom-  in  it  from 
reacting  upon  the  surface  of  tbe  water  in  F,  we  can  cause 
tbe  smaller  flask  to  bubble  and  boil  for  a  considerable  time. 

Through  high  heating,  the  elastic  force  of  stL'am  may 
be  rcuderu'd  enormous.  The  Marquis  of  Worcester  hurst 
cannon  with  it,  and  our  calamitous  boiler  explosions  are  so 
many  illustrations  of  its  power.  By  the  skill  of  man  this 
miglity  agent  has  been  controlled;  with  it  Denis  Papin 
raised  a  piston,  which,  when  the  steam  was  condensed,  was 
pressed  down  again  by  the  atmosphere  ;  Savery  and  New- 
oomen  6rat  turned  steam  to  practical  account,  and  James 
Watt  completed  this  grand  application  of  the  moving 
power  of  heat.  Pushing  the  piston  up  by  steam,  while 
the  space  above  the  piston  is  in  communication  with  a 
condenser  or  with  the  free  air ;  and  again  pushing  down 
the  pifiHon,  while  the  space  below  it  is  in  communication 
with  a  condenser  or  with  the  air,  we  obtain  a  simple  to- 
and-fro  motion,  which,  by  mechanical  orrangemcnts,  may 
be  made  to  take  any  form  we  please. 

But  here,  ns  elsewhere,  the  principle  of  conservation  ia 
illustraterl.  For  every  stroke  of  work  done  by  the  steam- 
engine,  for  every  weight  that  it  lifts,  and  for  every  wheel 
that  it  seta  in  motion,  an  e^juivalent  quantity  of  heat  di^ 
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^appears.  A  ton  of  coal  furniihes  \>y  iU  combostioa  a 
'  certain  defioito  amount  of  hoat  Let  this  quantity  of  coal 
be  applied  to  working  a  sbeam-engine ;  and  let  all  the  heat 
communicated  to  both  engine  and  condenser,  and  all 
the  heat  lo^t  by  xadiatioa  and  by  contact  with  the  air,  be 
collected ;  it  will  fall  short  of  tbe  quantity  pruductMl  by  the 
simple  combustion  of  the  ton  of  coal,  by  an  amount  exactly 
equivalent  to  the  work  performed-  Suppose  that  work  to 
consist  in  lifting  a  weight  of  7,720  lbs.  a  foot  high;  the 
heat  produce^l  by  the  coal  would  fall  short  of  its  true 
amount  by  a  quantity  just  sufficient  to  warm  a  pound  of 
water  10°  F.  In  an  elaborate  series  of  experimcnta,  executed 
with  cjctraordinary  assiduity,  and  on  a  grand  scale,  by  M. 
Him  of  Colmor,  this  theoretic  deduction  has  been  reduced 
to  hcU 

In  the  steam-engine  employed  by  M.  Him  the  steam 
left  the  boiler  and  entered  the  cylinder  at  a  temperature 
of  146**  C.  The  temperature  of  bis  condenser  was  34*  C. 
The  fcteara  viiis  worked  expansively  ;  that  is  to  say,  it  waa 
permitted  to  enter  tbe  cylinder  and  ejert  iU  full  pressure 
until  the  piston  was  raised  through  a  certain  fraction  of  its 
range.  Tbe  steam  was  then  cut  off,  the  piston  being  urged 
through  the  remainder  of  its  course  by  the  expansive  force 
of  the  steam  already  in  the  cylinder. 

In  this  case  the  space  above  the  piston  was  connected 
with  the  condenser ;  and  if  the  expansion  were  perfect  the 
vapour  underneath  tbe  piston  at  the  moment  it  reached 
the  highest  point  of  its  course  would  have  the  pressure 
corresponding  to  the  temperature  of  the  condenser.  Were 
th«  expansion  perfect,  and  did  the  expanded  vapo^u*  all  re- 
main in  the  state  of  vapour,  the  experiments  of  M.  Kegnault 
would  enable  us  to  calculate  tbe  fraction  of  tbe  total  heat 
converted  into  work.  By  sncb  n  calculation,  and  not 
without  a  feeling  of  astonishmont  at  its  smallness,  it  was 
found  that  in  the  experiments  of  M.  Uim,  the  heat  con- 
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verted  into  work  ought  not  to   amount  to  -Jgth  of   the 
whole. 

But  as  a  matter  of  foct  M.  Hitb  foimd  that  Jth  of  the 
heat  borrowed  from  the  steam  in  the  boiler  was  converted 
into  mechanical  effect.  Thus  experiment  waa  at  variance 
with  calculation.  A  theoretic  conclusion  arrived  at 
independently,  cind  almost  simultaneously,  by  Konkine 
and  by  Clausius,  two  of  the  founders  of  the  mechanical 
theory  of  heat,  reveala  the  cause  of  this  di^repancy.  In 
calculating  the  heat  possessed  by  the  vapour  as  it  enters 
the  condenser,  it  was  assumed  that  the  whole  of  the  vapour 
coming  from  the  boiler  remained  during  its  expansion  in 
the  vaporout)  condition.  This  Rankine  and  Clausius 
proved  that  it  could  not  do.  They  showed  tliat  when 
saturated  steam  expands,  as  in  M.  Him's  experiments,  it 
is  in  part  precipitated,  thus  yielding  up  a  portion  of  the 
heat  of  vaporisation,  which  portion  is  available  for  work. 
Indeed,  before  anything  correct  was  known  about  its  cause, 
mechanical  ei3}^ineers  met  the  nuisance  arislDg  from  the 
water  of  condensation  by  surrounding  the  cylinder  with  a 
jacket  of  hot  steam  from  the  boiler.  Tbe  mixture  of  vapour 
and  liquid  entering  the  condenser,  after  the  expansion, 
poBsesBes  less  heat  than  if  it  were  all  vapour;  a  greater 
amount  of  heat  than  that  given  by  calcuhition  being  con- 
verted into  work.  I  may  add,  that  the  precipitation  of 
the  steam  during  its  expansion  was  demonstrated  ex- 
perimentally by  M.  Hirn. 

But  even  the  conversion  of  1 2 J  per  cent,  of  the  total  j 
heat  into  work  implies  enormous  loss.  Nor  is  this  loss 
to  be  avoided  in  the  steam-engine.  For  the  amount  of 
heat  converted  into  work  depends  upon  two  things:  tbe 
temperature  of  tho  steam  as  it  enters  the  cylinder,  and  its 
temperature  as  it  enters  the  condenser.  The  farther  the 
initial  and  the  final  temperatures  are  apart,  the  greater  is 
the  amount  of  heat  converted  into  work ;  but  to  convert 
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aZ^  the  heat  into  work,  a  condenwr  k«pt  at  the  absolute 
'  sero  of  temperature  would  be  requirttl.  As  already  ex- 
plained, the  abeolnte  tempemture  of  a  bodj  is  its  tem- 
perature reckoned  from  the  abpolute  aero.  Jjot  T  represent 
the  initial  temperature  of  the  steam,  and  t  its  final  tem- 
perature, both  reckoned  from  the  absolute  zero ;  then  the 
proportion  of  the  total  heat  converted  into  work  cannot^ 
under  the  most  favourable  conditions,  exceed  the  fraction 
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My  object,  however,  at  present  is  to  deal  with  nature 
rather  than  art,  and  I  am  compelled  to  pass  quickly  over 
the  triumphit  of  man's  ftkill  in  tlie  application  of  steam  to 
the  purposes  of  life.  Those  who  have  walked  through  the 
workshops  of  Woolwich,  or  throngh  any  of  our  great 
factories  where  machinery  is  extensively  employed,  will 
have  been  sufficiently  impressed  with  the  aid  which  the 
mighty  power  of  heat  renders  to  man.  Let  it  be  remem- 
bered, that  every  wheel  which  revolves,  every  chisel,  and 
plane,  and  punch,  which  passes  through  solid  iron  as  if  it 
were  bo  much  cheese,  derives  its  moving  energy  from  the 
dashing  atoms  in  the  fiimace.  The  motion  of  these 
atoms  is  communicated  to  the  boiler,  thence  to  the  water, 
whose  molecules  are  shaken  asunder,  Bying  from  each  other 
with  a  repellent  energy  commensurate  with  the  heat 
communicatefl.  The  steam  is  simply  the  apparatus, 
through  the  intermediation  of  which,  the  atomic  motion 
is  converted  into  mechanical  motion.  And  the  motion 
thus  generated  always,  in  the  long  run,  reproduces  its 
parent.  Look  at  the  planing  tools  and  boring  instru- 
ments — strejims  of  water  gush  over  them  to  keep  them 
cooL  Take  up  the  curled  iron  shavings  which  the  planing 
tool  has  pared  off;  you  cannot  hold  them  in  your  hand, 
they  are  so  hot.  Here  the  moving  force  is  restored  to  its 
6rrt  fbrm ;  the  energy  of  the  machine  has  been  consumed 
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in  reproducing  the  power  &om  which  that  energy  was 
derived. 


THE    QETSKBS   Of   ICELAND. 

Let  me  dow  direct  your  attcDtion  to  a  natural  steam- 
engine,  which  long  held  a  place  among  the  wonders  of  the 
world — the  Great  Geyser  of  Iceland.  The  surface  of  that 
cMuntry  gradually  rises  from  the  coast  towards  the  centre, 
where  the  general  level  U  about  2,000  feet  above  the  sea. 
On  tiiia,  as  on  a  pedestal,  are  planted  the  Jokull,  or  icy 
mountains  of  the  island,  which  extend  both  ways  in  a 
north-eaattxly  direction.  Along  this  chain  occur  the  active 
volcanoes  of  Iceland,  and  the  thermal  Bprings  follow  the 
same  general  direction.  From  the  ridges  and  chaami 
which  diverge  from  the  mountains,  enormous  masses  of 
steam  issue  at  intervals,  and  when  the  escape  occurs  at  the 
mouth  of  a  cavern,  the  resonance  of  the  cave  often  raises 
the  sound  of  the  steam  to  the  loudness  of  thunder.  Lower 
down,  in  the  more  porous  strata,  are  to  be  found  smoking 
mud  poohi,  where  a  blue-black  aluminous  paste  is  boiled, 
rising  at  times  in  huge  bubbles,  which,  on  bursting,  scatter 
their  slimy  spray  around.  From  the  base  of  the  hilLj  up- 
wards extend  the  glaciers,  and  above  these  are  the  snow- 
fielda  which  crown  the  summits.  From  the  arches  and 
fissures  of  the  glaciers,  vast  masses  of  water  issue,  falling  at 
times  in  cascades  over  walls  of  ice,  and  spreading  for  miles 
over  the  country  before  they  find  definite  outlet.  Exten- 
sive morasses  are  thus  formed.  Intercepted  by  the  cracks 
and  fissures  of  the  land,  a  portion  of  the  water  finds  its 
way  to  the  heated  rocks  beneath  ;  and  here,  meeting  with 
the  volcanic  gases  which  traverse  these  underground 
regions,  1)oth  travel  on  together,  to  issue,  at  the  first  con- 
venient opportunity,  either  as  an  eruption  of  steam  or  as  a 
boiling  spring. 

The  most  famous  of  these  springs  is  the  Grout  Geyser. 
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It  ooneisU  of  a  tube,  Beventy-four  feet  deep  and  ten 
feet  wide.  The  tube  u  surmoucted  by  a  baflin,  wbicb 
measures  from  north  to  south  fitly-two  feet  across  and 
from  east  to  west  aucty  feet.  The  interior  of  the  tube  and 
basio  is  coated  with  a  beautUul  Bmooth  siliceous  plaster, 
so  hard  as  to  resist  the  blows  of  a  hammer;  and  the  first 
que-stion  is.  How  was  this  wonderful  tube  constructed — 
how  was  this  perfect  plaster  laid  on  ?  Chemical  analysis 
shows  that  the  water  holds  silica  in  solution,  and  it  might 
therefore  be  conjeotured  that  the  water  bad  deposited 
silica  against  the  sides  of  the  tube  and  basin,  fiut  such 
is  not  the  case.  The  water  deposits  no  sediment ;  no  matter 
how  long  it  may  be  kept,  do  solid  substance  is  sepamted 
from  it.  I  have  here  a  specimen  which  has  been  bottled 
up  and  preserved  for  years,  as  clear  as  crystal,  without 
showing  the  slightest  tendency  to  form  a  precipitate. 
To  answer  the  question  in  thin  way  would  moreover  assume 
that  the  shaft  was  formed  by  some  foreign  agency,  the 
mineral  water  merely  lining  it.  The  geyser-basin,  how- 
ever, rests  upon  the  summit  of  a  moimd  about  forty  feet 
high,  and  it  is  evident,  from  mere  inspection,  that  the 
mound  has  been  deposited  by  the  geyser.  But  in  building 
up  this  mound  the  spring  must  have  formed  the  tube 
which  perforates  the  muimd  ;  hence  the  suggestion  that 
the  geyser  is  the  architect  of  its  own  tube. 

If  we  place  a  quantity  of  the  geyser  water  in  an  eva- 
porating basin,  the  following  takes  place :  la  the  centre  of 
the  basin  the  liquid  deposits  nothing,  bnt  at  the  sides, 
where  it  is  drawn  up  by  capillary  attraction,  and  thus 
subjected  to  speedy  evaporation,  we  find  a  ring  of  silica 
deposited.  Not  until  the  evaporation  has  continued  a 
conddenble  time  is  the  slightest  turbidity  found  in  the 
middle  of  the  water.  This  experiment  is  the  microscopio 
lepreseatant  of  what  occurs  in  Iceland.  Imagine  the  case 
of  a  simple  thermal  siliceous  spring,  whose  waters  trickle 
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down  a  S«iiUe  ioeliiie;  tbe  mter  thus  expoeed  evaporators, 
and  silica  ti  dofiOBtad.  This  deposit  gradually  elevates 
thft  aide  over  vhich  tbe  water  passes,  unti],  finally,  the 
latter  has  to  take  another  ooujae.  Theprooesa  is  repeated 
here,  the  gnxmd  being  elevated  as  before,  and  the  spring 
has  again  to  move  forward.  Thus  it  is  compelled  to  travel 
round  and  round,  depositing  its  silica  and  deepening  the 
sbalt  in  which  it  dwells,  until  finidly,  in  tbe  course  of  ages, 
tbe  simple  spring  has  produced  that  wonderful  apparatus 
which  so  long  puzzli>d  and  astonished  both  the  tourist 
and  the  philosopher. 

Previous  to  an  eruption,  both  the  tube  and  basin  aro 
filled  with  hot  water :  detonations  which  shake  the  ground 
are  heard  at  intervals,  and  each  explosion  is  succeeded  by 
a  violent  agitation  of  the  water  in  the  basin.  The  water 
column  is  lifted  up,  forming  an  eminence  in  the  middle 
of  the  basin,  and  an  overflow  is  the  conset^ucnco.  Tliese 
detonations  aTee\idently  due  to  the  production  of  steam  in 
the  ducts  which  feed  tbegeysertubc,  which  steam,  rushing] 
into  the  cooler  water  of  the  ttibe,  is  there  suddenly  con- 
densed, and  produces  the  noise.  In  1846  Profesaor  Bunsen 
succeeded  in  determining,  a  few  minutes  before  a  great 
eruption,  the  temperature  of  the  geyser  tube,  from  top  to 
bottom ;  and  these  observations  revealed  the  eitraordinary 
iact,  that  at  no  part  of  the  tube  did  the  water  reach  its 
boiling  point.  In  the  annexed  sketch  (fig.  53)  I  have 
given,  on  one  side,  the  tem{>eratures  actually  observed,  and 
on  the  other  side  the  temperatures  at  which  water  would 
Itoil,  taking  into  account  both  the  pressure  of  the  atmo- 
sphere and  of  tlie  Bupfrinoimbt-nt  column  of  water.  The 
nearest  approach  to  (he  boiling  point  is  at  A,  thirty  feet 
from  the  bottom ;  but  even  here  the  water  is  2*  Centigrade, 
or  more  than  3^'  Fahr.,  below  the  temperature  at  which 
it  could  boil.  How  then  is  it  possible  that  an  eruption 
oould  occur  under  such  circumstances  ? 
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Fix  your  attention  upon  the  water  at  the  point  a, 
where  the  tem  pexature  is  within  2"  C.  of  the  boiling  point. 
Call  to  mind  the  lifting  of  the  column  whea  the  detona- 
tiona  are  heard.  Let  m  suppose  that  by  the  entrance  of 
•team  from  the  ductji  near  the  bottom  of  the  tube,  the 
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geyser  column  is  elevated  six  feet,  a  height  quite  within 
the  Umits  of  actual  observation ;  the  water  at  a  is  thereby 
transferred  to  B.  It«  boiling  point  at  a  is  ISS-S",  and  its 
actual  temperature  12 1*8**;  but  at  B  its  Iwiling  point  is 
only  120'8**;  hence,  when  transferred  from  a  to  B,  the 
heat  which  it  possesses  is  in  excess  of  that  necessary  to 
make  it  boiL     This  excess  of  heat  is  instantly  applied  to 
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tbe  fi^Der&tion  of  steam :  the  culumu  is  lifUd  bigber,  and 
the  water  below  is  furtlier  relieved.  More  steam  is  gene- 
rated, and  from  the  middle  downwards  tbe  mass  suddenly 
bursts  into  ebullition.  The  water  above,  mixed  with  st^^am- 
clouds,  is  projected  into  the  atmosphere^  and  we  have  the 
geyser  eruption  in  all  its  grandeur. 

By  it3  contaot  with  the  air  the  water  is  csooled,  falls 
back  into  tbe  boj^in,  partially  refills  the  tube,  in  which  it 
gradually  rises,  and  finally  fills  the  basin  as  before.  Detona- 
tions are  heard  at  intervabt,  and  risings  of  the  water  in  the 
basin.  These  are  so  many  futile  attempts  at  an  eruption, 
for  not  until  the  water  in  the  tube  comes  sufficiently  near 
ita  boiling  temperature  to  make  the  lifting  of  the  column 
effective,  can  we  have  a  true  eruption. 

To  tbe  illustrious  Bunsen  we  owe  this  beautiful  theory, 
and  now  let  us  try  to  justify  it  by  experiment.*  Here  ia  a 
tube  of  galvanised  iron,  six  feet  long,  a  b  (fig.  54),  sur- 
mounted by  a  basin,  o  D.  It  tapers  firom  a  diameter  of 
6  inches  at  the  bottom  to  a  diameter  of  If  inch  at  the 
top.  It  is  heated  by  a  fire  underneath  ;  and,  to  imitate 
as  far  as  possible  the  condition  of  the  geyser,  the  tube  is 
encircled  by  a  second  fire,  r,  at  a  height  of  two  feet  from  I 
the  bottom.  Doubtless  the  high  temperature  of  the  water, 
at  the  corresponding  part  of  the  geyser  tube,  is  due  to  a 
looal  action  of  the  heated  rocks.  The  tube  is  filled  with 
water,  which  gradually  becomes  heated  to  tbe  boiling 
temperature  ;  and  regularly,  every  five  minutes  afterwards^ 
the  liquid  is  ejected  into  the  atmosphere. 

There  is  another  tamous  spring  in  Iceland  called  the 
istrokkur,  wlacli  is  usually  forced  to  explode  by  stopping 
its  mouth  with  clods.  We  can  imitate  the  action  of  this 
spring  by  stopping  the  mouth  of  our  tube  a  b — not  too 
tightly  be  it  observed — with  a  cork.    The  heating  pro- 

■  The  flnl  »rtiScUl  gfjwer  Tm%  I  belierv,  eoutractvd  bj  tbe  laU  Di^ 
Browt*  of  Mwteic- 
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The  steam  finally   attains  sufiBcient  tension  to 

eject  tlie  cork,  and  tbe  water,  suddenly  relieved  from  the 

pressure,  bursts  forth  iuto  the  atmosphere.     The  ceiling 

of  this  room  is  nearly  thirty  feet  from  the  6oor,  but  the 

Fw.  Urn  eruption  ha«  reached  the  ceiling,  from 

~      which  the  water  now  drips  plentifully. 

In  fig.  65  IB  given  a  section  of  the 

Strokkur. 

By  stopping  our  model  geyser  tube 
with  corks,  through  which  glass  tubes 
of  varions  lengths  and  diameters  pass, 
the  action  of  many  of  the  other  erup- 
tive Hpringa  of  Iceland  may  be  ac- 
curately imitated.  'We  can  readily,  for 
example,  produce  an  intermittent 
action ;  discharges  of  water  and  im- 
petuous steam-gushes  following  each 
other  in  quick  succession,  the  water 
being  squirted  in  jete  fifteen  or  twenty 
feet  high.  These  experiments  com- 
pletely verify  the  theory  of  Rtmsen, 
■md  we  arc  relieved  from  the  necessity  of  imagining  under- 
groand  caverns  and  syphons,  filled  with  water  and  steam, 
which  were  formerly  regarded  as  necessary  to  the  produc- 
tion of  these  wonderful  phenomena. 

A  moment^s  reflection  will  suggest  to  you  that  there 
must  be  a  limit  to  the  operations  of  the  geyser.  Wlien 
the  tube  has  reached  such  an  altitude  that  the  water  in 
the  depths  below,  owing  to  the  increased  pressure,  cannot 
attain  ita  boiling  point,  the  eruptions  of  necessity  cease. 
The  spring,  however,  continues  to  deposit  its  silica,  ami 
en  forms  a  LatLg^  or  cistern.  Some  of  those  in  Iceland 
"are  forty  feet  deep,  and  their  beauty,  according  to  Bunseu, 
in  indescribable.  Over  the  surface  curls  a  light  vapour,  the 
water  ih  of  the  purest  azure,  and  tints  with  its  own  hue  the 
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fantastic  incnigtations  on  the  cistern  walls ;  while,  at  the 
bottom,  is  oiten  teen  the  mouth  of  the  once  mighty 
geyser.  There  are  in  Iceland  traces  of  vast,  but  now 
extinct,  geyser  operations,  Moxinds  are  observed,  whose 
shafts  are  filled  with  rubbish,  the  water  having  forced  a 
passage  underneath  and  retired  to  other  scenes  of  action. 
We  have,  in  feet,  the  geyser  in  its  youth,  manhood,  old 
age,  and  death,  here  presented  to  us.  In  its  youth,  as  a 
simple  thermal  sprinir;  in  its  manhood,  as  the  eruptive 
column ;  in  its  old  age,  as  the  tranquil  Laug\  while  its 
death  is  recorded  by  the  ruined  shaft  and  forsaken  mound, 
which  testify  the  fact  of  its  once  active  existence. 
& 
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itttionr  OP  rni  iuba  op  tub  coifSK(tTA.TioK  or  pobo— KXTLUunoa  ass 

OUtKtTIOH   OP  EXlLBaT:    POrKKTIAL  AND    DTHAMIC  HmitOT — KKZBOT    OT 

UAJSB  kim  OP  MOLBCctxs— smcinc  Aim  latbkt  BBAT—KXPnmaorTU. 

ILLimV4TI0jr»— KHCHjUncU.    TALtTBS     OP    THB     ACTS    OP   COMBDfA'noy, 

CDHDuraATioy,  Ajn>  conoklatiok  m  thb  casb  dp    watkb— khjo  cah- 

DOmO     ACID — TSa    SPiraBOIDAL  PTAT*  OP   Uqini>S — PItUUITO   OP  WATKB 
AJTD   KKSCUKT   Vt  A   BKO-UOT  CBCCIBLB. 


ELASTIC   KHD  IMELASTIC  COXXISIOlf, 

IT  was  formerly  universally  supposed  tbat  by  the  colli- 
sion of  uncliistic  bodies  force  was  destroyed.  Men  saw, 
for  example,  when  two  balls  of  clay,  or  painter's  putty, 
or  lead,  were  urged  together,  tbat  the  motion  possessed 
by  the  masses  prior  to  impact  was  more  or  less  annihilated. 
They  believed  in  an  absolute  destruction  of  the  force  of 
impact.  In  tbe  collision  of  elastio  bodies,  on  the  con- 
trary, it  was  observed  that  the  motion  with  which  they 
clashed  together  was  in  great  port  restored  by  the  resiliency 
of  the  masses,  the  more  perfect  the  elasticity  the  more 
complete  being  the  restitution.  This  led  to  the  notion 
of  perfectly  elastic  bodies — bodies  competent  to  restore  by 
their  recoil  the  whole  of  the  motion  wliich  they  possessed 
before  impact.  Hence  arose  tbe  idea  of  the  corieervation 
of  force,  na  opposed  to  the  destruction  of  force,  which  was 
supposed  to  occur  when  inelastic  bodies  met  in  coUisiou. 
We  now  know  that  the  principle  of  conservation  hoId<i 
equally  good  with  elastic  and  inelastic  bodies.  Perfectly 
elastic  bodies,  if  such  existed,  would  develop  no  heat  on 
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coUisioD*  They  would  retain  the  whole  of  their  motion 
afterwards,  though  its  direction  might  \ye  changed.  It  ii 
only  when  sensible  motion  in,  in  whole  or  in  part,  destroyet 
that  the  motion  of  heat  is  generated,  the  heat  being  the 
exact  eqiiivalent  of  the  lost  molar  motion.  I^ibnit: 
expresHly  affirmed  that  in  inelastic  coIUslod  no  force  i^ 
really  loaU* 

TIS  VIVA. 

This  Bubject  is  now  reatly  for  further  development. 
The  simplest  form  of  work  is  the  raising  of  a  weight.  A 
man  walking  up-hill,  or  iip-stairs, carxying  a  pound  weight 
in  bis  hand,  to  an  elevation  say  of  sixteen  feet,  performA 
a  certain  amount  of  work  over  and  above  the  lifting  of 
his  own  body.  If  he  ascend  to  a  height  of  thirty-two 
feet,  he  does  twice  the  work;  if  to  a  height  of  forty-eight 
feet,  he  does  three  times  the  work ;  if  to  Bixty  four  feet, 
he  does  four  times  the  work,  and  so  on.  If,  moreover, 
he  carries  np  two  pounds  instead  of  one,  other  thiu^'8 
being  equal,  he  does  twice  the  work  ;  if  three,  four,  or  five 
pounds,  he  does  three,  four,  or  five  times  the  work.  In 
fact,  it  is  plain  tliat  the  work  performed  depends  on  iwo 
factors,  the  weight  raised  and  the  height  to  which  it  is 
raised.  It  is  expressed  by  the  product  of  these  two 
factors. 

But  a  body  may  be  caused  to  reach  a  certain  elevation 
in  opposition  to  gravity,  without  being  actually  carried  up. 
If  a  bodman,  for  example,  wished  to  land  a  brick  at,  an 
elevation  of  sixteen  feet  above  the  place  where  he  stands, 
he  would  probably  pitch  it  np  to  the  bricklayer.  He 
would  thus  impart,  by  a  suddtn  effort,  a  velocity  to  the 

I  Dr.  Beitliold  dmwi  atioDtioD  to  «  woadorfttlljr  tuppy  ima^  employed 
\>y  Itfibtiita.  Ilooomparcd  tbii  pMso^  of  molar  into  niulecuUr  niotioD  to 
thoomreziiion  of  alATgo  pi«oe  of  tnonaj  into  •mnll  ohAngc  Berwkt*  it 
Pnu*.  Akad,  1876.  p.  fi84. 
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brick  sufficient  to  raise   it  to  the  required   height;   thai 
work  accomplished  bj  that  effort  being  precisely  the  sunftl 
as  if  he   had   slowly   carried  up  the  brick.     Tbo  initial  > 
velocity  to  be  imported  in  the  case  here  assumed  is  well 
known.     To  reach  a  height  of  eixtcpn  feet,  the  brick  mnat  j 
quit  the  man's  hand  with  a  velocity  of  thirty-two  feet  a\ 
Dod.    It  is  needless  to  say  that  a  body  starting  with 
nfiy  velocity  would,  if  wholly  unopposed  or  unaided,  con- 
tinue to  move  for  ever  with  the  same  velocity.     But  when, 
as  in  the  case  before  us,  the  body  is  thrown  upwards,  it 
moves  in  opjKwition  to  gravity,  which  incessantly  retards 
its  motion,  and  tuially  brings  it  to  rest  at  an  elevation  of 
sixteen  feet.     If  not  here  caught  by  the  bricklayer,  it 
would  return  to  the  hodman  with  an  accelerated  motion, 
and  reach  him  with  the  precise  velocity  it  possessed  on 
quitting  Iub  hand. 

Supposing  the  man  competent  to  impart  to  the  brick,  j 
at  starting,  a  speed  of  sixty- four  feet  a  second,  or  twice  ' 
its  former  speed,  would  the  amount  of  work  performed  io 
this  effurt  be  only  twice  what  it  was  in  the  first  instance  ? 
Our  fifth  lecture  will  have  prepared  us  for  a  negative 
answer.  It  would  not  be  twice,  but  four  times  that 
quantity.  The  heigitt  att4uned,  or  the  work  done,  ia  not 
proportional  to  the  velocity,  but  to  the  equare  of  the 
velocity.  As  before,  the  work  is  also  proportional  to  the 
weight  raised.  Hence  the  work  which  any  moving 
muss  whatever  is  competent  to  perform,  by  the  motion 
which  at  any  moment  it  possesses,  is  jointly  proportional 
to  the  weight  and  the  square  of  the  velocity.  Here,  then, 
we  have  a  second  measure  of  work,  in  which  we  simply 
translate  the  idea  of  height  into  its  equivalent  idea  of 
motign.  In  mechanics,  half  the  product  of  the  mass  of  a 
moving  body  into  the  square  of  its  velocity,  expresses 
what  is  called  its  vi«  uiva,  which  Leibnitz  held  to  be  the 
tnie  measure  of  force. 
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Broadly  enunciateii,  the  principle  of  the  conservation 
of  force  aaserta  that  the  quantity  of  force  in  tfae  universe 
is  aa  imalternble  as  the  quantity  of  matter ;  tliat  it  ie 
alike  impossible  to  create  force  and  to  annihilate  it. 
But  in  what  sense  are  we  to  understand  this  aasertion  ? 
It  would  bo  manifestly  inapplicable  to  the  force  of  gravity 
as  Newton  defined  it ;  for  this  is  a  force  varying  inversely 
as  the  square  of  the  distance,  and  to  affirm  the  constancy 
of  a  varying  force  would  be  eelf-contradictory.  This  was 
&  difficulty  with  Karaday.  Yet,  when  the  question  is 
properly  understood,  gravity  forms  no  exception  to  the 
law  of  conservation. 

This  lead  weight,  which  we  have  already  employed, 
now  rests  upon  the  earth,  motion  by  their  mutual  ap- 
proach being  no  longer  possible.  As  far  as  the  attraction 
of  gravity  is  concerned,  the  possibility  of  producing 
motion  or  performing  work  ceases  aa  soon  as  the  attracts 
ing  bodies  are  in  contact.  By  means  of  a  pulley  and 
striug  I  now  draw  this  weight  to  a  height  of  sixteen  feet 
above  the  floor.  It  remains  there  just  as  motionless  as 
when  it  rested  on  the  floor ;  but,  by  the  introduction  of  a 
fpace  between  the  floor  and  it,  the  conditions  are  entirely 
changed.  There  is  now  an  action  poBsil)le  to  the  wei|];ht 
which  was  not  possible  when  it  rerted  upon  the  earth  ; 
it  can  fall,  and  in  iU  descent  can  turn  a  machine,  or 
perform  other  work.  Or  going  farther  away,  let  ii«  consider 
the  cane  of  a  small  asteroid  placed  at  a  distjim-o  of  say 
8,000 miles  t^ora  the  earth's  centre.  Its  attraction  at  this 
distance,  which  we  may  suppose  determined  by  a  spring 
balance,  would  be  only  one-fourth  of  its  attraction  at  the 
earth's  surface.  If  free  to  do  so,  it  would  move  towards 
the  earth  with  a  continually  accelerated  velocity.  A  con- 
tinuous  pull  would  be  exerted  on  it  from  the  moment  of 
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Mb  sUrting,  the  pull  fp-owing  stronger  as  it  approached 
the  earth.  Now  this  long  continuoua  pull  may  be  regarded 
as  made  up  of  iin  infinite  number  of  momentary  pulls, 
the  sum  of  wbiuh  would  be  the  total  effort,  if  I  may  use 
the  term,  eierted  by  the  earth  npon  the  asteroid  during 
ita  period  of  translation. 

It  is  customary  in  mechanics  to  represent  the  magni- 
tude of  a  force  by  a  line  of  a  certain  length,  a  force  of 
double  magnitude  being  represented  by  a  line  of  double 
length,  and  so  on.  We  can  in  imagination  draw  a 
straight  lino  from  the  starting  point  of  the  asteroid  to 
the  earth  in  the  direction  of  its  centre,  and  erect  at  every 
point  of  that  line  a  perpendicular  proportional  in  length 
to  the  attraction  exerted  at  that  point.  We  should  thus 
obtain  an  infinite  number  of  perpendiculars  of  gradually 
iocreasiog  length  as  we  approach  the  earth.  Uniting  the 
ends  of  all  these  perpendiculars,  we  should  obtain  a  curve, 
and  between  this  curve  and  the  straight  line  joining  the 
asteroid  and  the  earth  we  should  have  an  area  embracing  all 
the  perpendiculars  placed  side  by  side.  Each  one  of  this 
iuliuite  series  of  perpendiculars  representing  an  attraction, 
acting  for  an  infinitely  small  time,  the  area  just  referred 
to  would  represent  the  total  effort  capable  of  being 
exerted  upon  the  asteroid  during  its  passage  to  the  earth 
from  its  first  position. 

Up  to  the  present  point  we  have  been  dealing  with 
attractions  only,  the  idi^  of  vis  viva  being  entirely  foreign 
to  our  cuutemplation.  But  let  the  asteroid  hegin  to  move 
in  obedience  to  the  pull.  Motion  being  once  sot  up,  the 
idea  of  vis  viva  arises.  In  moving  towards  the  earth  the 
asteroid  con.sumes,  as  it  were,  the  attractione.  Let  us  fix 
our  attention  on  it  at  any  point  of  its  path.  Between 
that  point  and  the  earth  there  is  a  store  of  unused 
attractions — of  uncxerted  pulld.  Beyond  that  point  the 
attractions  have  been  all  consumed,  and  we  have  in  their 
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place  an  eqttivalent  quantity  of  vis  viva.  After  the 
asteroid  has  passed  any  point,  the  attraction  preWouBlj 
in  store  at  that  point  disappears,  but  not  without  having 
added,  during  the  infinitely  small  duration  of  its  action, 
a  due  amount  of  motion  to  that  previously  Misting.  The 
nearer  tlie  asteroid  approaches  to  the  earth,  the  smaller 
is  the  sum  of  the  attractions  remaining,  but  the  greater 
in  the  rw  viva;  tho  farther  the  a^teroiil,  the  greater  is 
the  sum  of  the  unconsumod  attractions,  and  the  less  is 
the  living  force.  Now  the  principle  of  conservntion 
affirms  not  the  constancy  of  the  attractions,  nor  yet  the 
constancy  of  the  vis  vivOj  but  the  constancy  of  their 
joint  value  as  work  producers.  At  the  beginning  the  vis 
viva  was  sero  and  the  attraction-area  a  maximum;  close 
to  the  earth  the  via  viva  is  a  maximum,  while  the  tcnsioo- 
area  is  zero.  At  every  other  point  the  work-producing 
power  of  the  asteroid  consLtfts  in  part  of  vis  viva  and  in 
port  of  attractions  not  yet  consumed. 

I  have  thus  &r  tried  to  steer  clear  of  confusion  by 
fixing  your  minds  upon  things  rather  than  upon  names. 
But  good  names  are  essential ;  and  here,  as  yet,  we  are 
not  provided  with  such.  We  have  had  the  force  of  gravity 
&nd  living  force — two  utterly  distinct  things;  and  we 
might  have  had  the  force  of  heat,  the  force  of  light,  the 
force  of  magnetism,  or  the  force  of  electricity — all  of 
which  terms  have  been  employed  more  or  less  loosely  by 
writers  on  physics.  This  confusion  in  the  use  of  tlic  word 
*  force  *  is  happily  avoided  by  the  introduction  of  the  term 
'  eoergy,'  embracing  under  it  both  attraction  at  a  dtjftunce 
Bod  via  viva.  Energy  is  possessed  by  bodies  already  in 
moliofi ;  it  is  then  acttial,  and  we  agree  to  call  it  actual 
at  dyrupmic  enerfpj.  On  the  other  hand,  energy  is 
pfriHn  to  mutually  attracting  bodies  not  in  motion, 
■bcs  difitanoea  intervenes.  They  poneas  a  power  of 
SDotum  which  would  realise  itself  if  all  biDdrazkcee  wcra 
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removed*  Energy  is  possible  to  such  bodies,  and  we  agree 
to  call  this  potential  energy.  We,  moreover,  speak  of  the 
conservation  of  energy  inHtead  of  the  conservation  of 
force,  and  say  that  the  sum  of  the  potential  and  dynamic 
euergies  of  the  material  universe  is  a  constant  quantity. 


BnSRGT   OF  UOLECULAB   POSITIOM.      itrGCiriC    UEAT. 

We  must,  as  usual,  turn  these  oonceptionsi  regarding 
sensible  masses,  to  account,  in  forming  conceptions  Hoard- 
ing iusensible  musses.  As  an  intellectual  act,  it  is  quite 
as  easy  to  conceive  the  separation  of  two  mutually  attract- 
ing atoms,  as  to  conceive  the  separation  of  the  earth  and 
our  lead  weight.  If  that  weight  had  been  lifted  by  a 
steam-engiue,  an  amount  of  heat  equivalent  to  the  work 
done  would  have  been  consumed.  And  if  the  force  of 
gravity  were  far  greater  than  it  is,  a  far  greater  amount  of 
heat  would  be  expended  in  the  lifting  of  the  weight. 
Now  the  atoms  of  bodies,  though  we  cannot  suppose 
them  to  be  in  contact,  exert  enormous  attractions.  It 
would  require  an  almost  incredible  amount  of  ordinary 
mechanical  force  to  augment  the  distances  intervening 
between  the  atoms  of  any  solid  or  liquid,  so  as  to  increase 
its  volume  in  any  scnsiljle  degree.  It  would  abo  require 
a  force  of  great  magnitude  to  squeeze  the  particles  of  a 
liquid  or  a  solid  together,  so  as  to  make  the  body  sensibly 
less  in  size.  1  have  vainly  tried  to  augment  jjermanently 
the  density  of  a  soft  metal  by  pressure.  Wat^r,  which 
yields  so  freely  to  the  hand  plunged  in  it,  was  for  a  long 
time  regarded  as  absolutely  incompressible.  Great  foroe 
was  brought  to  bear  upon  it;  but  sooner  than  shrink,  it 
oozed  through  the  pores  of  the  metal  sphere  which  contained 
it,  and  spread  like  a  dew  on  the  surface.  This  is  a  classical 
experiment  which  was  long  ascribed  to  an  erroneous  source. 
Bacon  is  its  author.     About  half  a  century  after  him  a 
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eimilar  experiment  vras  de$cril>ed  by  the  Secretory  of  the 
Accademia  del  Cimento,  and  it  thus  came  to  be  called  *  the 
Florentine  Experiment/  '  BacoD^s  own  account  of  hia 
experiment  is  this:  'Now  it  is  ceri:tin  that  rarer  bodies 
(each  as  air)  allow  a  considerable  degree  of  contnictioo,  as 
has  been  stated ;  but  that  tangible  bodies  (snoh  na  water) 
suffer  eompreasion  with  much  greater  diflSculty  and  to  a 
less  extent.  How  far  they  do  suffer  it,  I  have  investigated, 
in  the  following  experiment :  I  had  a  hollow  gli>l)e  of  lead 
made  capable  of  hoMing  about  two  pints,  and  RufEcicntly 
thick  to  bear  considerable  force;  havin^^  made  a  hole  in 
it,  I  filled  it  with  wat-er,  and  then  stopped  up  the  liole 
with  melted  lead,  so  that  the  globe  became  quite  solid. 
I  tben  flattened  the  two  opposite  sides  of  the  globe  with  a 
heavy  hammer,  by  which  the  water  was  necessarily  con- 
tracted into  less  space,  a  sphere  being  the  figure  of  largest 
capacity ;  and  when  the  hammer  had  tio  more  effect  in 
making  the  water  shrink,  I  made  use  of  a  mill  or  press; 
till  the  water,  impatient  of  further  pressure,  exuded 
through  the  solid  lead  like  a  fine  dew,  I  then  computed 
the  spa^'e  lost  by  the  compression,  and  coneludnl  that  this 
was  the  extent  of  compression  which  the  water  hud 
suffered,  but  only  when  constrained  by  great  violence.' 

By  refined  and  powerful  means  we  can  now  compress 
water,  .but  the  force  necessary  to  accomplish  this  is  very 
great*  When,  therefore,  we  wish  to  overcome  molecular 
forces,  we  must  attack  them  by  their  peers.  Heat 
accomplishes  what  mechanical  energy,  as  usually  wielded, 
is  incompetent  to  perform.  Bodies,  when  heated,  expand, 
and  to  effect  this  expansion  the  molecular  attractions  must 
be  overcome ;  and  where  the  attractions  to  be  surmounted 
we  BO  vast,  we  may  infer  that  the  quantity  of  heab 
necessary  to  overpower  them  will  be  commensurate. 

■  Thitf  wu  ptuated  out  hy  Mr.  Leslie  EIIu.    To  my  exeelleat  firieul 
Mr.  James  Spedding  I  am  indebted  for  the  qootatioa. 
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And  now  I  miist  ask  your  entire  attention.  Supposti 
a  certain  amount  of  lieat  to  be  imparted  to  this  !ump  of 
lead,  how  Is  that  heat  dinposed  of  within  the  substance  ? 
It  is  applied  to  two  distinct  purposes — it  performs  two 
different  kinda  of  molecular  work.  One  portion  of  it 
excites  that  epeciea  of  motion  which  augments  the 
temperature  of  the  lead,  and  which  is  sensible  to  the 
thermometer  ;  but  another  portion  of  it  goes  to  force  the 
atoms  of  the  lead  into  new  positions,  and  tbis  portion  is 
lost  as  kecU,  The  pushing  astmder  of  the  atoms  of  the 
lead  in  this  case,  in  opposition  to  their  mutual  attractions, 
is  exactly  analogous  to  the  raising  of  our  weight  in  op- 
position to  the  force  of  g^a^^tJ — a  loss  of  heat,  in  both 
cases,  is  the  result.  Let  me  try  to  make  the  comparison 
between  the  two  actions  still  more  strict.  Suppose  that  a 
definite  amount  of  energy  is  to  bo  expended  upon  our 
weight,  and  that  this  energy  is  divided  into  two  portions, 
one  of  which  is  devoted  to  the  actual  raising  of  the  weight, 
while  the  other  is  employed  to  cause  the  weight,  as  it  rises, 
to  oscillate  like  a  pendulum,  we  liavo  then  the  analogue 
of  that  which  occurs  when  heat  is  imparted  to  the  lead. 
The  atoms  are  pushed  apart,  but,  during  their  recession, 
they  are  caused  to  vibrate.  Thus,  the  heat  communicated 
to  the  lead,  resolves  itself,  in  part,  into  atomic  potential 
energy,  and  in  part  into  the  actual  energy  of  vibration, 
the  latter  part  atone  being  competent  to  act  upon  our 
thermometers  or  to  affect  our  nerves. 

In  this  case,  then,  the  heat  not  only  imparts  aotool 
energy  to  the  vibrating  atoms,  but  also  accomplishes 
what  we  may  call  iyiUtrU/r  work^  It  performs  work 
within  the  body,  by  forcing  the  atoms  to  take  up  new 
positions.  When  the  body  cools,  the  forces  which  were 
overcome  in  the  process  of  heating  come  again  into  play ; 
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the  heat  which  waa  consumed  in  the  recession  of  the  atoms 
being  restored  upon  their  approach. 

The  sum  of  the  actual  and  potential  atomic  energy — 
in  other  words,  the  total  heat — varies  widely  in  bodies  of 
the  same  weight  and  temperature.  Let  me  illustrate,  hy 
a  simple  experiment,  the  differences  which  exist  between 
bodies,  as  to  the  quantity  of  heat  which  they  are  able  to 
take  up.  Into  a  vessel  containing  oil,  which  is  now  at  a 
temperatuie  of  180**  C.|  I  plunge  a  number  of  balls  of 
different     metals — iron,    lead,  Fw.  M. 

bismuth,  tin,  and  copper.  At 
present  they  all  possess  the 
same  temperature^  namely,  that 
of  the  oil.  I  lift  thum  out  of 
the  oil,  and  place  them  upon 
a  cake  of  wax  c  D  (fig.  56), 
which  is  supported  by  the  ring 
of  a  retortr-stand.  They  melt 
the  wax  underneath,  and  sink 
into  it.  But  they  are  sinking 
with  different  velocities.  The 
iron  and  the  copper  are  working  themselves  much  more 
vigorously  into  the  fiuible  mass  than  the  others ;  the  tin 
comes  next,  while  the  lead  and  the  bi^nnuth  lag  entirely 
behind.  And  now  the  iron  has  gone  clean  through  ;  the 
copper  follows ;  the  bottom  of  the  tin  ball  just  protrudes 
from  the  lower  sur&ce  of  the  cake,  but  it  cannot  go 
farther ;  while  the  lead  and  bibmuth  have  made  but  little 
way,  being  unable  to  sink  to  much  more  than  half  the 
depth  of  the  wax. 

If,  then,  equal  weights  of  different  substances  were  all 
heated,  say  to  100",  and  if  the  exact  amount  of  heat 
which  each  of  them  givps  o>it  in  cooling  from  100**  to  0* 
were  determined,  we  shoiild  find  very  different  amounts 
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of  heat  for  tlie  diiTcrent  substances.  Eminent  men  have 
eolved  this  problem,  by  observing  the  tinuss  which  different 
bodies  require  to  cool.  Of  coune,  the  greater  the  amount 
of  l)eat  possessed  or  generated  by  its  atoms,  the  longer 
would  the  body  t-ike  to  cool.  The  problem  has  a.\eo  been 
solved  by  plunging  different  bodies,  when  heuted  to  a 
common  temperature,  into  cold  water,  and  observing  the 
gain  of  heat  on  the  one  hand  and  the  loss  on  the  other. 
It  has  also  been  solved,  by  observing  the  qoontities  of 
ice  which  different  bodies  can  Liquefy,  in  falling  from 
100"  C.  to  0%  or  from  212°  Fahr.  to  32\  These  different 
methods  have  given  concordant  results.  According  to  the 
illustrious  French  erperimenter  RegnauU,  the  following 
numbers  express  the  relative  amounts  of  beat  given  out  by 
a  unit  of  weight  of  each  of  the  substances  named  in  the 
table,  in  cooling  from  98'  C  to  15**  C, 


AIomiDinm 

.    0-3H3 

Nickel 

. 

0  10811 

AntiTDony 

.     OOdOS 

Osminm    . 

, 

00311 

Arsvtiio     . 

.     0  08U 

PAlUdiQin 

. 

00593 

UurautU  . 

.     00308 

Phos}'bonu  ( 

kjInI}   . 

0-1887 

Boroo 

.     0-2362 

M      (unorpbow)     . 

OI70O 

Bnxnine  . 

.     0-1139 

rinUnam 

0-032S 

Cadninm 

.     00M7 

PntaHlam 

01696 

Oubon      . 

.     0-2414 

RbMlimn 

O'OMO 

OolMJt        . 

.     0-1067 

Sel«nnim 

O.0A27 

Copper     . 

.     009fi2 

.Silicon 

01774 

IHUD3Dfl 

.     0-1469 

SiWnr 

0-0670 

Gold 

.     0-0824 

Sodiam 

02934 

lodioB 

.     00A41 

dulphnr  (natire) 

0-1776 

Iriditua 

.     O-03'i6 

M   (recrollj 

melted) 

0-2026 

Iron 

.     0-1186 

TeUariom 

00474 

Uad 

.     0-0314 

Tbolliam 

0-0336 

Litliioin    . 

.     0-940B 

Tin  . 

0-0602 

.     0-2490 

Toogeten 

0-0834 

HaagsB«« 

.     01217 

W*t«p      . 

1*0080 

Mumrj   . 

.     00333 

Zine 

0-0066 

A  moment's  inspection  of  this  table  explains  the  reason  why 
the  iron  and  copper  passed  through  our  cake  of  wax,  while 
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the  lead  and  bismuth  were  incompetent  to  do  so.  It  will 
aUo  be  seen  that  tin,  lead,  and  bismuth  occupy  the 
positions  which  our  experiment  as^igua  to  them  ;  water, 
we  see,  yields  more  heat  than  any  other  sub&tance  in  the 
b'st. 

Each  of  these  numbers  denotes  what  has  been  hitherto 
called  the  'specific  heat,'  or  the  'capacity  for  heat,'  of  the 
ffubstatice  to  which  it  is  attached.  As  stated  on  a  former 
occasion,  those  who  ooDsidered  heat  to  be  a  fluid,  explained 
these  dificrcucea  by  saying  that  some  substances  had  agreater 
store  of  this  fluid  than  others.  We  may,  without  harm, 
continue  to  use  the  term 'speciHu  heat*  or 'capacity  for 
heat,'  now  that  we  kuow  the  true  nacuie  of  the  actions 
denoted  fay  the  term.  It  is  a  noteworthy  fact,  that  as  the 
specitic  heat  increases,  the  cUomic  weight  diminishes,  and 
VIM  veraa  ;  so  that  the  product  of  the  atomic  weight  and 
specific  heat  U,  in  almost  all  cases,  a  sensibly  coostant 
Unantity, 

As  measured  by  any  ordinary  mechanicul  statidard,  the 
mai^niiude  of  the  forces  engaged  in  this  atomic  motion 
and  interior  work  is  enormous.  A  pound  of  iron,  on  being' 
lieated  from  0*  C  to  100**  C-,  expands  by  about  -j^th  of 
the  volume  which  it  possesses  at  O'',  Its  auginentation 
would  certainly  escape  the  most  &cut«  eye;  still,  to  give 
its  atoms  the  motions  corresponding  to  this  increase  of 
temperature,  and  to  shift  them  through  the  small  space 
indicated,  au  amount  of  heat  is  req^uisite  which  would 
raise  a  weight  of  about  eight  tons  one  foot  high.  The 
force  of  gravity  almost  vanishes  in  comparison  with  these 
molecular  forces ;  the  pull  of  the  earth  upon  our  pound 
weight,  as  a  mass,  is  as  nothing  compared  with  the  mutual 
pull  of  its  own  atoms.  Water  furnishes  a  still  subtler 
exumpic.  Water,  as  we  know,  expands  on  both  sidea  of 
4"  C.  or  39'  F.  At  4**  C.  it  has  its  maximum  density. 
Suppose  a  pound  of  water  to  be  heated  from  3^^  C.  to  4^** 
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C. — tbflt  tB,one  degree — itA  rolume  at  both  temperatures 
i»  the  name ;  there  bM  been  no  forcing  aainder  whatever 
of  the  atntnie  oentrea,  and  still,  though  the  Tohxme  is 
nnobanged,  an  amouDt  of  heat  has  been  imparted  to  the 
watf^r,  RTiffieicnt,  if  mechanicaUj  applied,  to  raise  a  weight 
of  1|3(K)  lbs,  a  foot  high.  As  I  have  already  tried  to 
explain  to  you,  the  interior  work,  do«e  here  by  the  heat, 
is  simply  that  of  caufiing  the  molecules  of  water  to  rotate. 
We  thus  Keo  tlmt  there  are  descriptions  of  interior 
work,  difTcrent  from  that  of  pushing  the  atoms  more  widely 
apart.  An  c-norroous  quantity  of  interior  work  may  be 
ncx'^tmplinh&d,  while  the  atomic  centres,  instead  of  being 
piiNhod  apart,  approach  each  other.  Polar  forces — forces 
fmiiiiaiin^  from  distinct  atomic  points,  and  acting  in  dis- 
tinct (linwlions,  give  to  crystals  their  symmetry;  and  the 
I  overcoming  of  those  forces,  while  it  necessitates  a  constmip- 
llon  of  heat,  miiy  also  be  accompanied  by  a  diminution  of 
volume.  This  is  illustratwi  by  the  deportment  of  both  ice 
and  bisoiuth  in  liquefying. 


Chemist4(  have  dolerailncd  the  relative  weights  of  the 

[atoms  of  diflferont  substances.    Calling  the  weight  of  a 

hydrogen  alom   l,the  weight  of  an  oxygen  atom  is  16. 

Hence,  to  make  up  a  pound  weight  of  hydrogen,  sixteen 

times  the  number  of  atoms  contained  in  a  pound  of  oxygen 

would  \)o  n**or««ftry.     The  number  of  atoms   required  to 

mnkii  up  a  pound  is,  evidently,  inversely  proportional  to 

the  atomic  welglit.     We  here  approach  a  very  delicate 

and  important  ptiint.     The  experiments  of  Dulong  and 

Petit,   and    of  l^ugnault   and   Neumann,    render   it   ex- 

[tremely   probable   that  all    elementary  atoms,   great  or 

[maU,  light  or  heavy,   when  at    the   same   temperature, 

]>o«8es8  the  same  amount  of  the  t^nergy  we  call  heat,  the 

lighter  atoms  making  good  in  velocity  what  they  want  in 

t  mass.     Thus,  each  atom  of  hydrogen  has  the  same  moving 
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energy  as  an  atom  of  oxygen,  at  the  same  temperature, 
Rut,  iuasmuch  as  a  pound  weight  of  hydrogen  contains 
bixteen  times  the  number  of  atoms,  it  must  also  contain 
sixteen  timee  the  amotmt  of  energy  possessed  by  a  pound 
of  oxygen,  at  the  eame  temperature. 

From  this  it  would  follow,  that  to  raise  a  pound  of 
hydrogen  a  certain  number  of  degrees  in  temperature — 
Bay  from  50'  to  GO" — requires  sixteen  times  the  amount  of 
beat  needed  to  raise  the  temperature  of  a  pound  of  oxygen 
the  same  number  of  degrees.  Conversely,  a  pound  of 
hydrogen,  in  falling  through  10",  would  yield  sixteen  times 
the  amount  of  heat  yielded  by  a  pound  of  oxjgen  falling 
through  the  same  number  of  degrees.  The  atomic  weight 
of  nitrogen  being  14,  this  reasoning  leads  to  the  conclusion, 
tliat  a  poundof  hydrogen  contains  fourteen  times  the  amount 
of  heat  contained  by  a  pound  of  nitrogen  at  the  same 
temperature.  These  conclusions,  we  shall  immediately 
learn,  are  verified  by  experiment. 

The  most  important  experiments  on  the  specific  heat 
of  gases  we  owe  to  Regnault.  He  determined  the 
quantities  of  heat  necessary  to  raise  equal  weights  of 
gases  and  vapours,  and  also  the  quantities  necessary  to 
raise  equal  volumes  of  them,  through  the  same  number  of 
degrees.  Calling  the  specific  beat  of  water  1,  the  following 
are  the  specific  heats  of  some  gaseous  bodies : 
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Air       ...  .  0237 

OxTgeo  .  .  0-218  0-340 

Nitngen       .  .  0  3U  0-237 

Hydrogeo      .        .  .  3-409  0-236 

Chlorioa        .        .  .  0121  O-SM 

BromiDa        .        .  .  0055  0304 

Equal   volumes  of  all  these  gases  contain 
oumber  of  atoms,  and  hence  we  should  infer 


the  same 
that   the 
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epecific  Iieats  of  equal  volumes  oughl  to  be  equal.  They 
are  very  nearly  so  for  oxygen,  nitrogen,  and  hydrogen  ; 
bat  chlorine  and  bromine  diBer  considerably  from  the 
othar  elementary  gases.  Now  biumine  is  a  vapour, 
while  chlorine  is  a  gas  easily  liquefied  by  pressure ;  hence, 
in  both  these  cases,  th«  mutual  attraction  of  the  atoms, 
or,  in  other  words,  the  interior  ^ork,  which  is  insenfdble 
in  oxygen,  nitrogen,  and  hydrogen,  demands  the  eX' 
penditure  of  heat.  The  specitic  heats  of  chlorine  and 
bromine  at  equal  volumes  are,  therefore,  higher  than  the 
others. 

The  specific  heat  of  hydrogen  at  constant  volume  is  a 
little  less  than  that  of  oxygen  or  nitrogen  because  it  is  the 
most  perfect  gas.  Now  the  weight  of  equal  volumes  of 
hydrogen  and  oxygen  are  to  each  other  as  1  :  16,  Hence 
the  heat  contained  in  ^th  of  a  gramme  of  hydrogen  is,  in 
round  numbers,  equal  to  that  contained  in  a  whole  gramme 
of  oxygen.  Or,  comparing  equal  weights  instead  of  equal 
volumes,  the  beat  contained  in  a  gramme  of  hydrogen  is, 
as  indicatetl  above,  16  times  that  contained  in  a  gramme 
of  oxygen.     To  nitrogen  similar  reasoning  applies. 

Certain  simple  gasea  unite  to  form  compound  ones, 
without  any  change  of  voUune.  Thus,  one  volume  of 
chlorine  combines  with  one  volume  of  hydrogen,  to  form 
tufo  volumes  of  hydrochloric  acid.  In  other  cases  the  act 
of  combination  is  accompanied  by  a  diminution  of  volume ; 
thus,  two  volumes  of  nitrogen  combine  with  one  of  oxygen 
to  form  two  volumes  of  the  protoxide  of  nitrogen.  By  the 
act  of  combination,  three  volumes  have,  in  this  case,  been 
condensed  to  two.  Kcgnault  found  that  the  compound 
gases  formed  without  condensation  have,  at  equal  volumes, 
nearly  the  same  specific  heat  as  oxygen,  nitrogen,  and 
hydrogen ;  while  those  which  change  the  volume  vary 
from  this  rule. 
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CoMFQVHs  Gua — wgramrr  coHDmatsAnon, 
BpadSa  bwU 


Nitric  oaidA  . 
Ovbonie  CAiile      . 
Hjdnchlorie  acid . 


.     0-332  0-341 

.     0-246  0-3S7 

.     0-185  0*235 


The  specific  beat  of  equal  volumes  of  these  coropouBd 
gasefl  is  sensibly  the  same  as  that  of  the  three  simple  gases 
already  mentioned. 

CowotntD  UAsaa — 3  Tounota  cuiruENSSD  to  2. 
BpedfloluftU 


Cu-bonio  Acid 
KiironB  uxido 
AqatvQS  npour    . 
SulphamtM  nrji]     . 
Salpbido  of  bjrding«D 
Binilptiido  of  e&rboa 


f ■      ■  ■*-■-■     — ^ 
BQoal  wQlfbts    KquI  rolamai 

.     0-217  0-331 

.     0-226  03M 

.     0-480  0299 

.     0154  0.341 

.     0-243  0286 

.     0-157  0-412 


Here  the  specific  heatti  of  equal  vulumes  are  neither 
equal  to  those  of  the  elementary  gafiea,  nor  to  each  other. 
It  ia  worth  hearing  in  mind  that  the  specific  heat  of  water 
is  al)out  double  that  of  aqueoiis  vapour,  and  also  double 
that  of  ice.  The  latter  fact  brings  out  the  philosophy  of 
Davy's  experiment  referred  to  in  our  Beoond  Lecture. 

Comparing  equaf-  weights^  the  8peci6c  heat  of  water 
being  1,  that  of  air  is  0*237.  Hence,  a  pound  of  water, 
in  losing  one  degree  of  temperature,  would  warm  about 
4-2  lbs.  of  air  one  degree.  But  water  ia  770  times  heavier 
than  air ;  hence,  comparing  equal  volume,  a  cubic  foot 
of  water,  in  losing  one  degree  of  terapemture,  would  raise 
770  X  4*2  =  3,234  cubic  feet  of  air  one  degree. 

The  vast  influence  which  the  ocean  must  exert,  as  a 
moderator  of  climate,  here  suggests  itself.  Tlie  heat  of 
summer  is  stored  up  in  the  ocean,  and  slowly  given  out 
during  the  winter.     This  is  one  cause  of  the  absence  of 
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extremes  in  an  island  climate.  The  summer  of  the  island 
can  never  aitain  the  fervid  heat  of  Uie  continental  sununer, 
nor  can  the  winter  of  the  island  be  so  severe  as  the  conti- 
nental winter.  In  various  parts  of  the  Continent  fruits 
pffow  which  our  summers  cannot  ripen ;  but  in  these 
same  parts  o\vc  evergreens  are  unknown  ;  they  cannot  live 
through  the  winters.  Winter  in  Iceland  is,  as  a  genera] 
rule,  milder  than  in  Ijombordy. 


LATENT  BKAT. 

We  have  hitherto  confined  our  attention  to  the  heat 
consumed  in  thn  mulecular  changes  of  solid  and  liquid 
bodies,  while  they  continue  solid  and  liquid.  We  bhall 
now  direct  our  attention  to  the  phenomena  which  ac- 
company changes  of  the  state  of  aggregation.  When 
sufficiently  heated,  most  solids  become  liquids ;  and  when 
still  further  heated,  the  liquids  become  gased.  Let  us 
consider  the  case  of  ice,  and  follow  it  through  the  entire 
cycle  of  its  changes.  Take  then  a  block  of  ice  at  a  tem- 
peratme  of  10"  C.  below  zero.  The  ice  being  gradually 
warmed,  a  thermometer  fixed  in  it  rises  to  0**.  At  this 
point  the  ice  begins  to  melt,  and  the  thermomctric  column, 
which  rose  previously,  f}ccomea  perfectly  stationary.  The 
warmth  is  still  applied,  but  no  augmentation  of  tem- 
j>crature  is  sliown  by  the  thermometer ;  and  not  imtil 
the  hat  film  of  ice  has  been  removed  from  the  bulb,  does 
the  merciu-y  resimie  its  motion.  It  then  ascends  again, 
reaching  in  succession  30%  60%  100**,  Hrre  steam  bubbles 
appear  in  the  liquid;  it  boils,  and  from  this  point, 
onwards,  the  thermometer  remains  stnti<niary  at  100% 

To  simply  liquefy  a  pound  of  ice,  as  much  heat  is 
expended  as  would  raise  a  pound  of  water  79'4*'  C, 
or  79'4   pounds   of  wat^r  l^  in  temperature ;   while   to 
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eonvert  a  pound  of  water  at  100°  C.  into  a  pound  of  steam 
of  the  same  temperature,  537*2  times  na  much  boat  is 
required  as  would  raise  a  pound  of  -wator  one  degree  in 
temperature.  The  former  number,  79*4*  C.  (or  143"  F.), 
represents  what  lias  been  hitherto  called  the  latent  heat 
of  water;  and  the  latter  number,  537-2*  C.  (or  967*  F.),rfr- 
presents  the  latent  heat  of  steam.  It  was  manifest  to 
those  who  first  iwed  these  terms,  that  throvifi^hout  the 
entire  time  of  melting,  and  throughout  the  entire  time  of 
boiling,  heat  was  commimicated ;  but  inasmuch  aa  this 
heat  was  not  revealed  by  the  thermometer,  it  was  Raid  to 
be  rendered  latent.  The  fluid  of  heat  was  supposed  to 
hido  itself,  in  some  unknown  way,  in  the  interstitial  spaces 
of  the  water  and  the  steam.'  According  to  our  present 
theory,  the  heat  expended  in  melting  is  consumed  in  over- 
coming molecular  attractions,  and  in  conferring  potential 
energy  upon  the  separated  moleculefi,  or  their  poles.  It 
is,  virtually,  the  lifting  of  a  weight.  So,  likewise,  as 
regards  vaporiding,  the  heat  is  consumed  in  separating  the 
molecules  still  farther  asunder,  and  in  conferring  upon 
them  a  further  amount  of  potential  energy.  \\Tien  the 
heat  is  withdrawn,  the  vapour  condensep,  that  is  tx)  say 
the  molecules  fall  together  with  an  energy  equal  to  that 
employed  to  separate  them.  Ry  further  chilling,  t}ie 
water  crystallises  to  ice,  restitution  being  made  in  both 
cases  of  the  precise  quantity  of  heat  consumed  in  the  &cU 
of  fusion  and  vaporisation. 

The  act  of  lif.|uef:ictioD  cousists  almost  solely  of  interim 
work — of  work  expended  in  moving  the  atoms  into  new 
positions.  The  act  of  vaporisation  is  also,  for  the  most 
port, interior  work;  to  which,  however,  muijt  be  added  tho 
exterior  work  of  forcing  back  tho  atmosphere,  when  the 
liquid  becomes  vapotir. 

*  CdTcndiih  rejoeted  th«  trrni  '  lAtonc  hmt,'  ant]  oonRideird  tlio  but  Dt 
oondpnntioo  to  ht  ffotaraied  (^ee  M&xvrell,  Tbeoij  of  Hoat), 
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Rumford  estimated  the  calorific  power  of  a  body  by 
the  number  of  yiarts,  by  weight,  of  water,  which  one  part, 
by  weight,  of  the  body  would,  on  perfect  combustion,  raise 
one  degree  in  temperature.  Thus,  one  pound  of  charcoal, 
in  combining  with  2J  lbs.  of  oxygen,  to  form  carbonic 
acid,  evolves  heat  BufGcient  to  raise  the  temperature  of 
about  8,000  lbs.  of  water  1*^  C.  Similarly,  one  pound  of 
hydrc^en,  in  combining  with  eight  putmds  of  oxygen,  to 
form  water,  generates  an  amount  of  heat  stifficiont  to 
raise  34,000  lbs.  of  water  1*  C.  The  calorific  powers,] 
tberefnre,  of  carbon  and  hydrogen  are  as  8  :  34.'  The 
refined  researches  of  Favre  and  Silbermann  entirely 
confirm  these  determinations  of  Rtimford. 

A  moment's  further  attention  devoted  to  this  wonder- 
ful substance,  wator,  will  repay  our  pains.  First,  we  have 
its  constituents  as  free  atoms  of  oxygen  and  hydrogen, 
whieh  attract  each  other  and  combine.  Tlie  mechanical  ■ 
value  of  this  atomic  act  is  easily  determined.  The  heatin|f 
of  1  lb.  of  water  V  C.  is  equivalent  to  1,390  foot-pounds ; 
hence  the  heating  of  34,000  llw,  of  water  1"  C.  is 
equivalent  to  34,000  x  l,39u  foot-pounds.  We  thus  find 
that  the  concussion  of  our  1  lb.  of  hydrogen  with  8  Iba.  of 
oxygen  is  equal,  in  mechanical  value,  to  the  raising  of  j 
forty-seven  million  pounds  one  foot  high.  It  was  no  over- 
statement then,  on  my  part,  when  I  affirmed  that  the  force 
of  gravity,  as  exerted  near  the  earth,  is  almost  a  vanishing 
quantity,  in  comparison  with  these  molecular  forces.  The 
distances  which  separate  the  atoms  before  combination  arel 
HO  small  as  to  l>e  utterly  immeasurable;  still,  it  is  in 
passing  over  these  distances  that  they  acquire  a  velocity, 
sufficient  to  cause  them  to  clash  with  the  tremendous 
energy  here  indicated. 

Af^er   combination,   the   substance   is   in   a   state 
Tapoiu*,  which  sinks  to  100°  C.,  and  afterwards  cond 
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to  water.  In  the  first  instance,  the  atoms  faM  tog^ether 
to  form  the  compound ;  in  the  next  instance,  the  molecules 
of  thu  coinpuund  fall  together  to  form  a  liquid.  The 
mechanical  value  of  thia  act  is  also  easily  calculated; 
9  Ibe.  of  Rteam,  in  falling  to  water,  generate  an  amount 
of  heat  sufficient  to  nuse  537*2x9  =  4,835  Ihs.  of  water 
1'  C,  or  967  X  9  =  8,703  lb*,  l**  F.  Multiplying  the  former 
numher  by  1,390,  or  the  latter  by  772,  we  have,  in  round 
numbers,  a  product  of  6,720,000  foot-pouud^,  aa  the 
mechanical  value  of  the  mere  act  of  condensation.*  The 
next  great  fall  is  from  the  state  of  water  to  that  of  ice, 
and  the  mcchauicol  value  of  this  act  is  equal  to  993,564 
foot-pounds.  Thus,  our  9  lbs.  of  water,  at  its  origin  and 
during  its  progress,  falls  down  tliree  great  precipices:  the 
first  fall  is  equivalent,  Id  energy,  to  the  descent  of  a  tou 
weight  down  a  precipice  22,320  feet  high;  the  second 
fall  is  equal  to  that  of  a  ton  down  a  precipice  2,900  feet 
high;  and  the  third  48  equal  to  the  fall  of  a  ton  down 
a  precipice  433  fet^t  high.  The  stone-a\'alanches  of  the 
Alps  aie  sometimes  seen  to  smoke  and  thunder  down  the 
declivities*,  with  a  vehemence  almost  su6Scient  to  stun  the 
observer,  while  the  snow-flakes  descend  so  softly  as  not  to 
hurt  the  fragile  spangles  of  which  they  are  composed ;  yet 
to  produce,  from  aqueous  vapour,  a  quantity  of  that  tender 
materifil  which  a  child  could  carry,  demands  an  exertion 
of  energy  competent  to  gather  up  the  shattered  blocks  of 
the  largest  stone-avalanche  that  I  have  ever  seen,  and 
pitch  them  to  twice  the  height  from  wliieh  they  fell. 

A  few  experimental  illustrations  of  the  calorifio  efifeots  | 
which  accompany  the  change  of  aggregation  will  not  be 


*  In  RirafnnrH  experimentji  tlif  heat  of  coodDiwalion  was  lucluded  in  his 
I'jtimato  of  calorific  powt.>r;  doductiDg  the  abova  nnmbor  froni  that  fouod 
for  the  elieraical  qdjod  of  the  hydr^'en  and  axygca,  fortj  tnilliotu  of  ' 
fooi^xKUHla  voold  fdU  remain  a«  Lhe  meclunical  ralaa  of  Ihe  set  of  oom- 
binadcD 
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out  of  pbice  here.  I  place  the  thermo-electric  pile  with 
its  back  upon  the  table,  and  on  it^i  naked  face  a  thin 
silver  basin,  B  (fig.  57),  which  contains  a  quantity  of  water 
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fllightly  warmed.  The  needle  of  the  galranomctor  swings 
to  90%  and  remains  permanently  deilected  at  70".  I  now 
drop  a  little  powdered  nitre,  not  more  than  will  cover  a 
threepenny-piece,  into  the  batiin,  and  allow  it  to  dissolve* 
The  nitre  was  previously  placed  before  the  fire,  so  that  nofc 
only  wua  the  liquid  warm,  but  also  the  solid  powder.  The 
effect  of  their  mixture  is  thi^.  The  nitre  disi^olves  in  the 
water;  aud  to  produce  this  change,  all  the  heat  wliich 
the  water  and  tlte  nitre  possess  in  excess  of  the  temperature 
of  this  room,  is  consumed,  and,  indeed,  a  great  deal  more. 
The  needle  not  only  sinks  to  zero,  but  moves  sb-ongly  up  at 
the  other  side,  showing  that  the  face  of  the  pile  is  now 
powerfully  chilled. 

Pouring  out  the  chilled  liquid,  and  replacing  it  by 
tepid  water,  the  permanent  deflection  of  70'*  is  reproduced. 
I  introduce  a  pinch  of  common  salt.  The  needle  sinks, 
reaches  zero,  and  moves  up  on  the  side  which  indicates 
cold.  But  the  action  is  not  at  all  so  strong  an  in  the  caso ' 
of  saltpetre.  As  regards  latent  heat,  then,  we  have  dif- 
ferences similar  to  those  already  illustrated  as  regards 
specific  heat.  Putting  a  little  sugar,  instead  of  sjilt,  into 
the  warm  water,  the  chilling  is  sensible,  but  it  is  much 
less  thau  in  either  of  the  former  cases.  Thup,  when  you 
8\^eeten  your  hot  tea,  you  cool  it  in  the  most  philosophical 
manner;  when  you  put  fait  in  your  soup,  you  do  the 
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ne ;  and  if  you  were  concerned  irith  the  act  of  cooling 
[ftloae,  and  careless  of  the  flavour  of  your  soup,  you  might 
liasten  its  refrigeration  by  adding  to  it  saltpetre. 

In  oar  fourth  Lecture  a  mixture  of  pounded  ice  and 
salt  was  employed  to  obtain  intense  cold.     Both  the  salt 
and  the  ice,  when  they  are  thus  mixed  together,  change 
their  state  of  aggregation,  and,  as  a  consequence,  the 
temperature   of   the-  mixture  siuks   many  degrees  below 
the  freezing  point  of  water.     By  this  cold  we  were  able  to 
burst  our  iron  bombs.     I  will  now  reverse  this  process,  and 
endeavour  to  show  you  the  heat  developed,  in  passing  from 
the  liquid  to  the  8i>lid  state.     But  first  let  me  prove  that 
when   sulphate   of  soda   is   dissolved,  heat   is  absorbed. 
Testing  the  substance  as  the  nitre   was   tested,  as  the 
crystals  of  the  sulphate  melt  the 
pile    ia  chilled.     The  comple- 
mentary experiment  is  here  ar- 
ranged.    A  large  glass  vessel,  b 
(fig,  58),  with  a  long  neck,  is 
filled  with  a  solutioa  of  sulphate 
of    soda.      Yesterday    the    sub- 
stance was  dissolved  in  a  pan 
over  our  laboratory  fire,  and  this 
bottle  was  filled  with  the  solu- 
tion.     The  top  being  carefully 
covered  with  a  piece  of  bladder, 
the   bottle    was    placed   bcliind 
this  table,  whore  it  remained  un- 
disturbed throughout  the  night. 
The  liqttid,  at   the   present   moment,  is   supor-saturated 
with  sulphate  of  soda.     \Vben  the  water  was  hot,  it  melted 
more  than  it  could  melt  when  cold ;  and  now  the  tem- 
perature   has   sunk   lower   than  that   which    corresponds 
to    the    point  of    satumtiun.      This  state   of   things    is 
secured  by  keeping  the  solution  perfectly  still,  and  per- 
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mittiug  nothing  to  iall  into  it,  Water,  kept  tbus  still, 
may  be  cooled  many  degrees  below  it«  freezing  point. 
Some  of  you  may  have  noticed  the  water  in  your  jugs, 
after  a  coM  winter  night,  partially  freeze  ou  being  poured 
out  in  the  moming.  In  cold  dimatcs  this  is  not  un- 
common. The  moleculea  of  sulphate  of  no(];t,  in  this 
solution,  are,  as  it  were,  on  the  brink  of  a  precipice,  and 
may  ho  pushed  over  it,  by  simply  dropping  a  small 
ciystai  of  the  substance,  not  larger  than  a  grain  of  sand, 
into  the  boIuUod.  X  cut  away  the  bladder  and  drop  the 
bit  of  crystal  into  the  clear  liquid  ;  it  does  not  sink,  the 
molecules  having  closed  round  it  to  form  a  solid  in  which 
it  is  now  embedded.  The  passage  of  the  atoms  from  a 
stiite  of  freedom  to  a  state  of  bondage  goes  on  quite 
gradually  ;  you  see  the  solidification  extending  down  the 
neck  of  the  bottle.  The  naked  face  of  the  Uiermo- 
electric  pile  rests  against  the  convex  surface,  and  the 
needle  of  the  galvanometer  points  to  zero.  The  prooeijs 
of  crystAlIipation  now  approjiches  the  liquid  in  front  of 
the  pile.  This  solidifies  and  develops  heat,  which,  com- 
muoicated  to  the  glass  envelope,  warms  the  pile,  and 
the  needle  flies  to  90°.  The  quantity  of  heat  thus  rendered 
sensible  by  solidification  is  exactly  equal  to  that  which 
was  rendered  latent  by  liquefaction.  The  latent  heat  of 
liquids  is  thus  illustrated. 

Let  me  now  direct  your  attention  to  a  few  experiments 
illufltrativo  of  what  has  been  called  the  latent  beat  of 
vapours.  As  before,  the  pile  is  laid  upon  its  back,  with  its 
naked  face  upwards ;  on  this  face  is  placed  the  silver  basin 
containing  a  small  quantity  of  a  volatile  liquid,  pur- 
posely warmc-d.  The  needle  moves,  indicating  hoab. 
ISiit  scarcely  has  it  attained  90%  when  it  turns  promptly, 
desoondu  to  0%  and  flies  up  with  violence  on  the  side  of  cold. 
The  liqidd  here  used  issulphiwic  ether  ;  it  is  very  volatile, 
and  the  speed  of  its  evaporation  is  such,  that  it  consiunes 
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rapidly  the  heat  at  6rst  commuuicated  to  it,  and  then 
abstract  heat  from  the  face  of  the  pUe.  I  remove  the 
ether,  ood  supply  its  place  hy  alcohol,  slightly  warm ;  the 
needle,  as  before,  asceuda  on  the  aide  of  heat.  By  &  pair 
of  Rmall  bellows  we  can  promote  the  evaporation  of  the 
alcohol ;  the  needle  descends,  and  passes  to  90°  on  the 
aide  of  cold.  Water  is  not  nearly  so  volatile  as  alcohol ; 
still,  with  the  aid  of  the  bellows  the  refrigeration  of  water 
may  also  be  readily  shown.  For  chilling  water,  we  some- 
times use  unglazed  pottery,  which  admits  of  a  slight  pcr- 
colatiou  of  the  liquid,  and  thus  causes  a  dewiness  on  the 
external  surface.  From  that  surface  evaporation  goes  on, 
and  the  heat  neceaaary  for  this  molecolar  work,  being 
drawn  in  great  part  from  the  water  within,  keeps  it  cooL 
Butte r-<oolers  are  made  on  the  same  principle. 

Water  may  even  be  frozen,  through  the  simple  abstrao- 
tioD  of  heat  by  its  own  vapour.     The  beautiful  iustrument 
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whicli  effects  this  is  called  the  or^ophoruSy  or  ice-cnrrier. 
It  was  invented  by  Dr.  Wollaston.  The  shape  of  the 
oryophorus  is  shown  in  fig.  59,  and  it  is  thus  prepared: 
A  little  water  is  put  into  the  bulb,  a  ;  the  other  bulb,  B» 
while  softened  by  heat,  has  a  tube  drawn  out  from  it,  with 
a  minute  aperture  at  the  end.  The  water  is  boiled  in  a, 
and  the  boiling  is  continued  until  the  stenm  produced 
has  chased  all  the  air  away  through  the  small  aperture  in 
the  distant  bulb.     Mlien  the  hu1h<s  and  nonnecting  tube, 
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are  filled  with  pure  steam,  the  small  orifice  of  B  is 
sealed  with  a  blowpipe.  Here,  then,  we  have  water  and 
its  vapour,  with  scarcely  a  trace  of  air.  You  hear  how  the 
liquid  rings,  exactly  as  it  did  in  the  cose  of  the  water- 
hammer. 

1  turn  all  the  liquid  into  one  bulb,  a,  which  is  dipped 
into  an  empty  drinking  glass,  covered  at  the  top  with  paper 
to  protect  the  hulb  from  air  currents.  The  empty  bulb, 
B,  is  plunged  into  a  freezing  mixture ;  thus,  the  vapour 
which  esonpes  &om  the  liquid  in  the  hiilh  k,  ia  condensed, 
by  the  cold,  in  b.  Thia  condensation  permits  of  the 
formation  of  new  vapour.  As  the  evaponition  continues, 
the  water  which  supplies  the  vapour  becomes  more  and 
more  chilled.  In  a  quarter  of  an  hour,  or  twenty  minutes, 
it  will  be  converted  into  a  cake  of  ice.  Here,  indeed,  is 
the  opalescent  solid,  formed  in  a  second  instrument,  which 
was  set  in  action  about  half  an  hour  ago. 

A  still  more  striking  example  of  the  consumption  of 
heat,  in  changing  the  state  of  aggregation,  is  furnished  by 
liqut'6ed  carbonic  acid,  a  gallon  of  which  ia  here  imprisoned 
in  a  strong  iron  bottle.  The  substance,  you  know,  is  a  gas 
under  ordinary  circiunstances.  When  the  cock  which 
doses  the  bottle  is  turned,  the  pressure  upon  tJte  acid 
is  relieved  ;  the  liquid  boils  violently — -Hashes,  as  it  were, 
suddenly  int*^  gas,  which  rushes  from  the  orifice  with  im- 
petuous force.  Mixed  with  the  current  of  gns  you  see  a 
white  sul)stancc,  which  is  blown  to  a  distance  of  eight 
or  ten  feet  through  tlie  air.  This  is  carbonic  acid  enow. 
The  cold  produced,  in  passing  from  the  liquid  to  the 
gaseous  state,  is  so  intense,  that  a  portion  of  the  carbonic 
mcid  is  actuuUy  frozen  to  a  solid,  which  mingles,  in  small 
flakes,  with  the  issuing  stream  of  gas.  The  snow  may  be 
collected  in  a  cvlindrical  box,  with  two  perforated  handles, 
through  wliich  the  giis  is  allowed  to  issue.  Right  and 
lefl  you  see  the  turbid  current,  but  a  large   portion  of 
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tbe  frozen  masa  is  ret&ined  in  the  box.     On  being  opened, 
you  «ee  it  611etl  with  this  perfectly  white  solid. 

The  solid  disappears  very  gradually ;  it«  conversioii 
into  vapour  is  slow,  bccauiie  it  can  ouly  slowly  collect  from 
surrounding  substances  the  beat  necessary  to  vaporise  it. 
You  can  handle  it  freely,  but  must  not  press  it  too  much,  lest 
it  fihould  burn  you.  It  is  cold  enough  to  burn  the  hand. 
When  a  piece  of  it  is  pluuged  into  wtiter,  and  held  there, 
bubbles  are  seen  rising  through  the  water — these  are  pure 
carbonic  acid  gas.  I  put  a  bit  of  the  acid  into  my  mouth, 
taking  care  not  to  inhale  while  it  is  there.  Ilreut.hing 
against  a  candle,  my  breath  extinguishes  the  flame.  How 
it  is  powible  to  keep  so  cold  a  substance  io  tbe  mouth 
without  injury  will  be  immediately  exphuned.  A  piece 
of  iron,  of  equal  coldness,  would  do  serious  damage. 

Water  will  not  melt  this  snow,  but  sulphiu-jc  ether 
will ;  and  on  |>ouriog  a  quantity  of  the  ether  on  tbe  snow, 
a  pasty  mass  is  obtained,  which  has  an  enormous  power  of 
refrigeration.  Over  the  bottom  of  a  porcelain  basin  is 
spread  a  little  paper,  and  over  the  paper  is  poured  a  pound 
or  two  of  mercury ;  on  the  mercury  I  place  some  solid 
carbonic  acid,  and  over  the  acid  I  pour  a  little  ether. 
Mercury,  you  know,  requires  a  very  low  temperature  to 
freeze  it;  but  here  it  is  rapidly  frozen  to  a  solid  which  can 
be  hammered,  and  also  out  with  a  knife.  By  means  of 
a  wire  &ozen*into  it  I  raise  the  mercury,  and  plunge  it 
intoa  glass  jar  containing  water.  It  liquefies,  and  showers 
downwards  thraugh  the  water;  but  every  611et  of  mercury 
freezes  tbe  water  with  which  it  comes  into  contact,  and 
thus,  round  each  fillet  is  formed  a  tulie  of  ice,  through 
which  the  liquid  metal  is  seen  descending. 
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TBK   SFIIBBOIDAL  STATE. 

I  have  novr  to  direct  your  attention  to  anot-her,  and 
very  stngfulor  class  of  phenomena,  connected  with  the  pro- 
duction of  vapour.  On  the  table  is  a  broad  porcelain 
vessel,  B  (fi^.  60),  filled  with  hot  water,  Pbcing  a  light 
silver  babiii,  heated  to  redness,  on  the  hot  water,  as  at 
Fio.  60.  f,    what  will  occur  ?     You 

might  naturally  reply  that 
the  basin  will  impart  ita 
heat  instantly  to  the  water, 
and  be  cooled  down  to  the 
temperature  of  the  latter. 
But  nothing  of  this  kind 
occurs.  The  silver  for  a 
lime  develops  a  sufficient  amount  of  va|)our  underneath 
it,  to  lift  it  entirely  out  of  contact  with  the  water;  or,  in 
the  language  of  the  hypothesis  developed  on  a  former  occa- 
sion, it  is  lifted  by  the  discharge  of  molecular  projectiles 
against  its  under  surface.  This  will  go  on,  until  the  tem- 
perature of  the  basin  sinks,  and  it  is  no  longer  able  to 
produce  vapour  of  sufficient  tension  to  support  it.  Then 
it  comes  into  contact  with  the  water,  and  the  ordinary 
hissing  of  a  hot  metal,  together  with  the  cloud  which 
forms  overhead,  declares  the  fact. 

Let  ua  now  reverse  the  experiment,  and  instead  of 
placing  the  basin  in  hot  water,  place  the  water  in  a  red-hot 
basin.  You  hear  no  noise  of  ebullition,  no  hissing  of  the 
water ;  the  drop  rolls  about  on  its  own  vapour — that  is  to 
say,  it  is  sustained  by  the  recoil  of  the  molttf  ular  projectiles, 
discharged  from  its  under  surface.  I  withdraw  the  lamp, 
and  allow  the  basin  to  cool,  imtil  it  is  no  longer  able  to 
produce  vapour  strong  enough  to  support  the  drop.  The 
liquid  then  touches  the  metal ;  violent  ebullition  seta  in. 
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and  the  cloud,  which  jou  now  obserre,  forms  above  the 
basin. 

Tou  cannot,  from  your  present  position,  see  this  flat* 
tened  spheroid  rolling  about  in  the  hot  basin  ;  but  it  maj 
be  shown  to  you,  and,  if  we  are  fortunate,  you  will  see 
something  very  beaotiftil.  There  is,  underneath  the  drop, 
an  incessant  development  of  vapour,  which,  a8  incesMintly, 
escapes  from  it  laterally.  If  the  drop  rest  upon  a  fiattiah 
surface,  bo  that  the  lateral  escape  is  very  difficult,  the 

Fia.  CI. 


vapour  will  burst  up  through  the  middle  of  the  drop. 
But  matters  are  here  so  arranged,  that  the  vapour  shall 
issue  laterally  ;  and  it  eometimes  happens  that  the  escape 
is  rhythmic ;  the  vapour  itisues  in  regular  pulses,  and  then 
we  have  <Mur  drop  of  wot«r  moulded  to  a  most  beautiful 
rosette,  two  inches  in  diameter.  Throwing  the  beam  of 
the  electric  lamp  upon  this  drop,  and  holding  a  lens  over 
it,  I  cast  it£  image  ou  the  ceiling  where  it  is  now  perfectly 
defined,  forming  a  figure  (fig.  61)  eighteen  inches  in  dia- 
meter, with  the  vapour  breaking,  as  if  in  music,  from  its 
edge.    X  withdraw  the  heat ;  the  undulation  continues  for 
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some  time,  dinuDishing  gradually ;  the  border  booomea 
unindLMited,  the  drop  becomes  motionless — a  liquid 
spheroid — and  now  it  suddenly  spreads  hissing  upon  Uie 
surface,  for  contact  has  been  established,  and  the  '  sphe- 
roidal condition  *  is  at  an  end. 

Placing  the  silver  baain,  with  its  bottom  upwards, 
in  front  of  tlte  electric  lamp,   by  meaus  of   a  lens  an 
image  of  the  rounded  outline  of  the  basin  is  cast  upou  i 
the  screen.     Dipping  a  bit  of  sponge  into  alcohol  and 


squeezing  it  over  the  cold  basin,  the  drops  spread  out 
over  the  convex  surface  and  trickle  down  it.  Let  us 
now  he4it  the  basin  by  placing  a  lamp  imdcmeath  it.  On 
squeeKing  the  sponge  the  drops  descend  as  before,  but, 
when  they  come  in  contact  with  the  basin,  they  no  longer  < 
ppread,  but  roll  over  the  surface  as  liquid  spheres  (fig.  62V 
bounding  and  dancing,  as  if  they  had  fallen  upon  ela&tio 
springs. 

The  arrangement  next  to  be  presented  to  you,  which 
was  suggested  by  the  late  Professor  Poggendorff,  shows, 
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in  a  very  ingenious  manner,  the  iDteiruption  of  contact 
between  the  spheroidal  drop  and  its  supporting  surfiAce. 
From  a  silver  basin,  n  (fi^.  63),  intended  to  hold  the  drop, 
a  ivire,  tu,  is  carried  to  a  gal%*anometer,  the  other  end  of 
the  galvanometer  wire  being  attached  to  a  small  battery,  i. 
From  the  opposite  pole  of  this  battery  a  wire,  w\  is  carried 
to  the,  movable  arm,  a  6,  of  a  retorUstand,  from  which  a 
platinum  wire  intended  to  dip  into  the'  sphexoidol  drop, 
descends  vertically.  I  heat  the  basin,  pour  in  the  water, 
and  lower  the   wire   till  the  end  of  it  dips  into  the 
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spheroid :  you  see  no  motion  of  the  galvanometer  needle ; 
still,  the  only  gap  in  the  entire  circuit  is  tliat  now  existing 
underneath  the  drop.  If  the  drop  were  in  contact,  the 
current  would  pass.  This  is  proved  by  withdrawing  the 
lamp;  the  spheroidal  state  will  soon  end ;  the  liquid  will 
touch  the  bottom.  It  now  does  so,  and  the  needle  in- 
stantly flies  aside. 

You  can  actually  see  the  interval  between  tlie  drop 
and  the  hot  surface  upon  which  it  rests.  A  private  experi- 
ment may  be  made  in  this  way :  Let  a  fiattish  basin,  B 
(fig,  C4),  be  tiu-ned  upside  down,  and  let  the  bottom  of  it 
be  slightly  indented,  so  as  to  be  able  to  bear  a  drop.  Heat 
the  basin  with  a  spirit  lamp,  and  place  upon  it  a  drop  of 
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ink,  <2|  with  which  a  little  alcohol  haa  been  mixed. 
Stretch  a  platiuum  wire,  a  6,  vertically  behind  the  drop, 
and  render  the  wire  incandescent,  by  sending  a  current  of 
electricity  throu;5h  it.  Bring  your  eye  to  a  level  with  the 
bottom  of  the  drop,  and  you  will  be  able  to  see  the  red- 
hot  wire,  through  the  interval  between  the  drop  and  the 
surface  which  supports  it.  Thia  interval,  moreover,  can 
readily  be  made  visible  to  you  all,  by  sending  through  it 
the  beam  of  the  electric  lump,  and  caiiting  itB  image  upon 
the  screen. 
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The  spheroidal  condition  was  first  observed  by  Leiden- 
frost,  M.  Boutigny  has  lent  new  interest  to  thia  subject  by 
expanding  the  field  of  illustration,  and  applying  it  to  the 
explanation  of  many  extraordinary  effects.  If  the  hand,  for 
example,  be  wet,  it  may  be  passed  through  a  stream  of  molten 
metal  without  injury.  A  blacksmith  will  lick  a  white-hot 
iron  without  fear  of  biu-niug,  his  tongue  being  eflfectually 
preserved  from  contact  with  the  iron,  by  the  vapour  de- 
veloped. To  the  vapour  of  the  carbonic  acid,  which 
shielded  me  from  its  contact,  I  owed  my  safety  when 
holding  the  substance  in  my  mouth.  To  the  same  pro- 
tective influence,  many  escapes  from  tho  fiery  ordeal  of 
ancient  times  have  been  attributed.  It  may  l>e  added 
that  the  explanation  of  the  spheroidal  condition,  given  by 
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M.  Boutignj,  has  not  been  accepted  hj  scientiBc  men. 
The  foregoing  experiments  redace  its  real  cause  to  ocular 
demonBtration. 

The  spheroidal  condition  enables  us  to  perform  the 
extraordinary  eiperimeut  of  freezing  a  liquid  in  a  red- 
hot  vessel.  By  means  of  sulphurous  acid  M.  Boutigny 
first  froze  water  in  a  red-hot  crucible  ;  and  Mr.  Faraday, 
by  means  of  solid  carbonic  acid,  subsequently  froze  mercury. 
Let  us  first  operate  with  water.  This  hollow  sphere  of 
brass,  now  filled  with  water,  is  formed  of  two  hemispheres, 
eoldered  together.  Into  the  sphere  is  screwed  a  wire 
intended  to  f>erve  as  a  handle.  Heating  a  platinum 
crucible  to  glowing  redness,  I  place  in  it  some  lumps  of 
BoUd  carbonic  acid.  AMien  ether  is  poured  on  the  acid, 
neither  of  them  comes  into  contact  with  the  hot  crucible, 
being  protected  from  contact  by  the  elastic  cushion  of 
vapour  which  surrounds  them.  Lowering  the  sphere  of 
water  down  upon  the  mass,  I  carefully  pile  fragments  of 
carbonic  acid  over  it,  adding  also  a  little  ether.  The 
pasty  substance,  within  the  red-hot  crtioiblc,  remains  in* 
tensely  cold.  A  crack  is  heard,  and  you  are  thereby 
assured  that  tlie  experiment  has  succeeded.  The  freezing 
water  has  burst  the  brass  sphere  along  the  line  of  solder. 
Raising  the  sphere,  and  peeling  off  the  severed  bemicpbcres, 
we  rescue  a  solid  bull  of  ice  from  the  red-hot  crucible. 

Turn  we  now  to  mercury.  By  means  of  a  stout 
wire  handle,  I  dip  a  conical  copper  spoon,  cr>ntaining  the 
liquid  met^l,  into  the  red-hot  crucible,  and  surround  it  as 
before  with  the  carbonic  acid  and  ether.  The  ether 
vapour  has  taken  fire,  which  was  not  intended.  The  ex- 
periment ought  to  !«  BO  made,  that  the  carbonic  acid  gas — 
the  choke  damp  of  mines — shall  preserve  the  ether  from 
ignition.  •  The  mercury,  however,  freezes,  the  presence  of 
the  fiame  adding  to  the  impressiveness  of  the  result,  aa 
the  intensely  cold  solid  is  lifted  through  the  fire. 
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KFFBCT  OF  THE   KAKTh'm    ItOTlTIUM   OK   Till   DUUKTION   OK   WIWI>— IKflTI- 
BMCB  or  AQCBOQ9    TAFODB  ITFOX   CUMATB — ■UBOP*  mH  COiniincSlUl   OF 

thh  wxsTKur  aixaittio — kadtpali.  ik  minAND — nn  q0lp  vnuuM— 

ronjIATION     OP     BNDW— POQMATIOK     OP    ICB    FUUU     MOV — OLAQUU — 

nnoronHA  op  oLACian   ynrioK — smsiJkTiDK— MOTTLniira  or  icai  bt  '' 

PsnsDKB— AKCUUrr    QLACIEIIS — TUBOUXnC    EBUOKl    KKlABlinra    nUBB 
CArSB. 


ATMOSPilEBlC   CIBCOLATIOH — COMTKCTION    IN    AIH. 

I  PROPOSE  dcvotiDg  an  hour  to-day  to  the  coDsidera- 
tion  of  some  of  the  thermal  phenomena  which  occur, 
on  a  large  scale,  in  Nature.  And  first,  with  regard  to 
winds.  Ottserve  tiiose  sunbumers,  intended  to  illuminate 
this  room,  when  the  daylight  ia  intercepted,  or  gone. 
Not  to  give  light  alone  were  they  placed  there  but,  in 
part,  to  promote  ventilation.  The  air,  heated  by  the  gas 
flames,  expands,  and  issues  in  a  strong  vertical  current  into 
the  outer  atmosphere.  The  air  of  the  room  ia  thereby  in- 
cessantly drawn  upon,  and  a  fresh  supply  muat  be  intro- 
duced to  make  good  the  loss.  Our  chimney  dranght«  are  < 
90  many  vertical  winds,  due  to  the  heating  of  the  air  by 
our  tires. 

\Mien  a  piece  of  brown  paper  is  ignited,  the  flame 
ascends ;  and  when  the  flame  is  blown  out,  the  smouldering 
edgea  warm  the  air,  and  produce  currents  which  carry  the 
smoke  upward.  I  dip  the  smoking  paper  into  a  large 
glass  vessel,  and  stop  the  neck  to  prevent  the  escape  of 
the  smoke  i  the  smoke  ascends  with  the  light  hot  air  in 
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Lhe  middle,  spteade  out  laterally  above,  is  cooled,  and  falls 
like  a  caiicade  of  cloud  aloug  the  sides  of  the  vessel.  I 
have  frequently  traced  the  smoko  uf  a  brushwood  fire  to  a 
height  of  thousands  of  feet  in  the  Alps.  When  a  poker  or  a 
heavy  iron  spatula,  heat«d  to  dull  redness,  la  held  in  the 
air,  you  cazmot  Bee  the  curreute  ascending  from  it.  But 
they  reveal  themselves  by  their  action  on  the  rays  of  light. 
Placing  the  poker  or  spatula  in  a  strong  beam,  bo  that 
its  black  shadow  is  thrown  upon  a  white  screen,  waving 
lines  of  light  and  shade  mark  the  streaming  upwards  of 
the  heated  air.  If  a  fragment  of  sulphur,  coutained  in 
on  iron  spoon,  be  heated  until  it  ignites, and  then  plunged 
into  a  jar  of  oxygen,  the  combustion  becomes  brilliant 
and  energetic,  and  the  air  of  the  jar  is  thrown  into  intense 
commotion.  The  fume«  of  the  sulphur  enable  you  to 
track  the  storms,  which  the  heating  of  the  air  produces 
within  the  jar.  I  use  the  word  '  storms*  advisedly,  for 
the  hurricanes  which  desolate  tlie  earth  are  nothing  more 
than  large  illustrations  of  the  effect  produced  in  the  glass 
jar. 

From  the  heat  of  the  sun  our  winds  are  all  derived. 
Wb  live  at  the  bottom  of  an  aerial  ocean,  in  a  remarkable 
d^^ee  permeable  to  the  solar  rays,  and  but  little  disturbed 
by  their  direct  action.  But  those  rays,  when  they  fall 
upon  the  earth,  heat  its  surface,  and,  when  they  fall  upon 
the  ocean,  they  provoke  evaporation.  The  air  in  contact 
with  the  surface  shares  its  heat,  is  expanded,  and  ascends 
Into  tlie  upper  regions  of  the  atmos]>here,  while  the  vapour 
firom  the  ocean  alifo  ascends,  because  of  ite  lightness, 
carrying  air  along  with  it.  "VMiere  the  rays  fall  verti- 
cally on  the  earth,  that  is  to  say,  between  the  tropic«, 
the  heating  of  the  surface  is  greatest.  Here  aerial 
onrrents  ascend  and  flow  laterally,  north  and  south,  to- 
wards the  poles,  the  heavier  air  of  the  polar  regions 
streaming  in  to  supply  the  place  vacated  by  the  light  and 
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warm  air.  Thus,  we  have  incefwant  circulation.  A  few 
days  ago,  in  the  hot  room  of  a  Turkish  bath,  I  held  a 
lighted  taper  in  the  open  doorway,  midway  between  top 
and  bottom.  The  flame  rose  vertically  from  the  taper. 
When  placed  at  the  bottom,  the  flame  was  blown  violently 
inwards ;  when  placed  at  the  top,  it  was  blown  violently 
outwards.  Here  we  had  two  currents,  or  winds,  sliding 
over  each  other,  and  movin);;  jQ  opposite  directions.  Thus, 
alido,  as  regards  our  hemisphere,  a  current  from  the  equator 
sets  in  towards  the  north,  and  flows  in  the  higher  regions 
of  the  atmosphere,  while,  to  supply  its  place,  another 
flows  towards  the  equator  in  the  lower  regions  of  the 
atmosphere.  These  are  the  upper  and  the  lower  Trade 
Winds. 

Were  the  earth  motionless,  thene  two  currents  would 
run  directly  north  and  south,  but  the  earth  rotates  from 
west  to  east  on  it«  axis,  once  in  twenty-foiu"  hours.  In 
virtue  of  this  rotation,  the  air  at  the  equator  is  carried 
round  with  a  velocity  of  1,000  miles  an  hour.  As  we 
withdmw  from  the  equator,  the  velocity  due  to  the  eariVs 
rotation  diminishes,  and  it  becomes  nothing  at  the  poles. 
It  is  proportional  to  the  radius  of  the  parallel  of  latitude, 
and  diminishes  as  these  circles  diminish  in  size.  You  have 
observed  what  takes  place  wlicn  a  person  incautiously 
steps  out  of  a  carriage  in  motion.  He  shares  the  motion 
of  the  carriage,  and  when  his  foet  touch  the  earth  he  is 
thrown  forward  in  the  direction  of  the  motion.  This  is 
what  renders  leaping  from  a  railway  carriage,  when  the 
train  is  at  fiill  speed,  generally  fatal.  Imagine,  then, 
an  individual  suddenly  transferred  from  the  equator  to  a 
place  where  the  velocity,  due  to  rotation,  is  only  90ol 
miles  an  hour ;  on  touching  the  earth  he  would  be  thrown 
forward  in  an  easterly  direction,  with  a  velocity  of  100 
miles  an  hour,  this  being  the  difference  between  the 
equatorial  velocity  with  which  be  started,  and  the  velocity 
'the  earth*8  surface  in  bis  upvr  hwality. 
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Similar  considerationa  apply  bo  the  transfer  of  air 
from  the  equatorial  to  the  uorthem  regionft,  and  vice  versa. 
At  the  etiuutor  the  air  possesses  the  velocity  of  the  earth's 
faurface  there,  and,  on  (luitting  this  position,  it  not  only 
had  its  tendency  northwards  to  obey,  but  also  an  eastward 
tendency,  and  it  must  take  a  resultant  direction.  The 
&rther  it  goes  north,  the  more  it  is  deflected  from  its 
original  course ;  the  more  it  turns  towards  the  east,  and 
tends  to  become  what  we  shoidd  call  a  westerly  wind. 
The  opposite  holds  good  for  the  current  proceedinjif  from 
the  north;  this  passes  from  places  of  slow  motion  to  places 
of  quick  motion  :  it  is  met  by  the  earth ;  hence,  the  wind 
which  started  as  a  north  wind  becomes  a  north-east  wind ; 
and,  as  it  approaches  the  equator,  it  becomes  more  and 
more  easterly. 

It  is  not  by  reasoning  alone  that  we  arrive  at  a  know- 
ledge of  the  existence  of  the  upper  atmospheric  current, 
though  reasoning  is  sniHcient  to  show  that  compensation 
must  take  place  somehow — that  a  wind  cannot  Wow  in 
any  direction  without  an  equal  displacement  of  air  taking 
pUcc,  in  the  opposite  direction.  But  clouds  are  sometimes 
seen  in  the  tropica,  high  in  the  atmosphere,  moving 
in  a  direction  opposed  to  that  of  the  constant  wind  below. 
Could  we  discharge  a  light  body  with  sufficient  force  to 
oanse  it  to  penetrate  the  lower  current,  and  reach  the 
higher,  the  direction  of  the  bod^f's  motion  would  give  us 
tliat  of  the  wind  above.  Human  strength  cannot  perform 
this  experiment,  but  it  bus  nevertheless  been  made. 
Ashes  have  been  shot  through  the  lower  current  by  volca- 
zu>efl,  and,  fix>m  the  places  where  they  have  subsequently 
follen,  the  direction  of  the  wind  which  carried  them  has 
been  inferred.  Professor  Dove,  who  has  so  enriched  the 
knowledge  of  the  age  by  his  researches  in  meteorology, 
cites  the  following  instance :  '  On  the  night  of  April  30, 
explosions  like   those   of  heavy  artillery  were   heard   at 
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Barbadoe.s,  80  that  the  garrifion  at  Fort  St.  Anne  re- 
mained all  night  imder  anas.  On  May  1,  at  daybreak, 
the  eastern  portion  of  the  horizon  appeared  clear,  while  the 
reet  of  the  firmament  was  covered  by  a  black  doud,  which 
soon  extended  to  the  east,  quenched  the  light  there, 
and  at  length  produced  a  darkness  so  intense  that  the  win- 
dows in  the  rooms  could  not  be  discerned.  A  nhower  of 
ashes  descended.  \Vlience  came  these  ashes  ?  From  the 
direction  of  the  irind,  we  should  infer  that  they  came 
from  the  Azores ;  they  came,  howerer,  from  the  volcano 
Mome  Oarou  in  St.  Vincent,  which  lies  about  100  mile« 
west  of  Barbadoea.  The  ashtjs  had  been  cast  into  the  cur- 
r^it  of  the  upper  trade.  A  second  example  of  the  same 
kind  occurred  on  January  20,  1835.  On  the  24th  and 
25th  the  Eim  was  darkened  in  Jamaica  by  a  shower  of 
fine  asheSy  which  had  been  discharged  from  the  mountain 
CoseguiniL,  distant  800  miles.  The  people  learned  in  tliis 
way  that  the  explosions  previously  heard  were  not  those  of 
artillery.  These  ashes  could  only  have  been  carried  by 
the  upper  current,  as  Jamaica  lies  north-cast  from  the 
mountain.  The  same  eruption  glvee  also  a  beautiful  proof 
that  the  ascending  air-current  divides  itself  above,  for 
aahes  fell  upon  the  ship  ^  Conway,"  in  the  Tacific,  at  a  dis- 
tance of  700  miles  south-west  of  Coseguina.^ 

On  a  terrestrial  globe  I  trace  two  meridians.  At 
the  equator  of  the  globe  they  are  a  foot  apart,  which 
would  correspond  to  about  1,000  miles  on  the  earth's 
surface.  But  these  meridians,  as  they  proceed  north- 
ward, gradually  approach  each  other,  and  meet  at  the 
north  pole.  It  is  manifest  that  the  air  which  rises  be- 
tween these  meridians,  in  the  equatorial  regions,  must» 
if  it  went  direct  to  the  pole,  squeeze  itself  into  an  ever- 
narrowing  bed.  Were  the  earth  a  cylinder,  instead  of  a 
sphere,  we  might  have  a  circulation  from  the  middle  of 
the  cylinder  quite  to  each  end,  and  a  return  current  from 
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each  end  to  the  middle  But  this,  in  the  case  of  the 
earth,  is,  aa  shown  l)j  Dove,  impossible,  simply  because 
the  space  aronnd  the  poles  is  unable  to  embrace  the  air 
from  the  equator.  The  cooled  equatorial  air  sickB,  and 
the  return  current  set«  in,  before  the  poles  are  attAincd. 
The  two  currents,  moreover,  instead  of  flowing  one  over 
the  other,  oilen  flow  beside  each  other.  They  constitute 
rivers  of  air,  with  incessantly  shifting  beds. 

Tbe&e  are  the  great  winds  of  our  atmo^here,  which, 
however,  are  materially  modified  by  the  irregular  dis- 
tribution of  land  and  water.  Winds  of  minor  importance 
also  occur,  through  the  local  action  of  bear,  cold,  and 
evaporation.  Such  winds  sometimes  rush  with  sudden  and 
destructive  violence  down  the  guUeys  among  mountains : 
gentler  down-flows  of  gratefully  cttld  air  are  produced  by 
the  presence  of  glaciers  upon  the  heights.  Wu  have  alsal 
land  breezes  and  sea  breezes,  due  to  the  vaiying  tempera- 
ture of  the  t»ea-board  soil,  by  day  and  night.  The  morning 
mm,  heating  the  land,  produces  vertical  displacement,  and 
the  air  from  the  sea  moves  landward.  In  the  evening  the 
land  is  more  chilled  superflcially  by  radiation  than  the 
sea,  and  the  conditions  are  reversed ;  the  heavy  air  of 
the  land  now  flows  seaward. 


MtLniTBSS  or  THR    EDROPKAn    CLIHATI. 

Thu?,  then,  a  portion  of  the  heat  of  the  tropics  In 
it,  by  an  aerial  messenger,  towards  the  poles,  a  more 
equable  distribution  of  terrestrial  warmth  being  thus 
secured.  But  in  its  flight  northward  the  air  is  accom- 
panied by  the  vapour  of  water,  which,  you  know,  is 
perfectly  transparent.  Imagine  the  ocean  of  the  tropics, 
giving  forth  its  vapour,  which  promotes  by  its  light- 
ness the  ascent  of  the  associated  air.  Both  expand  as 
they  ascend;  at  a   height  of  16,000  feet  the  air  aud 
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vapour  occupy  twice  the  volume  which  they  embraced 
at  the  sea  level.  To  secure  tliis  space  they  must,  by  their 
elastic  force,  push  away  the  air  in  all  direoUons  round 
them ;  they  perform  work ;  and  this  work  cannot  be 
performed,  save  at  the  expense  of  the  warmth  with  which 
they  were,  in  the  first  instance,  charged. 

The  vapour,  thus  chilled,  is  no  longer  competent  to 
retain  the  gaseous  form.  It  is  precipitated,  as  cloud: 
the  cloud  descends  as  rain ;  and  in  the  region  of  calms, 
or  directly  imder  the  sun,  where  the  air  is  Brst  drained  of 
its  aqueous  load,  the  descent  of  rain  is  enormous.  The 
sun  docs  not  remain  always  vertically  over  the  same 
parallel  of  latitude — he  is  sometimes  north  of  the  equator, 
sometimes  south  of  it,  the  two  tropics  limiting  bis 
excursion.  VNlien  he  is  south  of  the  equator,  the  earth's 
surface,  north  of  it,  is  no  longer  in  the  region  of  calms, 
but  in  one  across  which  the  aerial  current  from  the  north 
6ow8  towards  the  region  of  calms.  This  moving  air  is 
but  slightly  charged  with  vapour,  and,  as  it  travels  from 
north  to  south,  it  becomes  ever  warmer;  it  constitutefl 
a  jiry  wind,  and  its  cipaciiy  to  retain  vapoiu*  is  contin- 
ually augmenting.  It  is  plain,  from  these  considerations, 
that  each  place  between  the  tropics  must  have  ita  dry 
season  and  rainy  season  ;  dry,  when  the  sun  is  at  the 
opposite  side  of  the  equator,  and  wet,  when  the  sim  is 
overhead. 

Gradually,  however,  as  the  upper  stream,  which  rises 
from  the  equator  and  flows  towards  the  poles,  becomes 
chilled  and  denuc,  it  sinks  towards  the  earth  ;  at  the  Peak 
of  Tcnerifl'e  it  has  already  sunk  below  the  summit  of  the 
mountain.  With  the  contrary  wind  blowing  at  the  boae, 
the  traveller  often  finds  the  wind  from  the  equator  blow- 
ing strongly  over  the  top.  Farther  north  the  equatorial 
wiud  sinks  lower  still,  and  finally  reaches  tho  surface  of 
the  earth.      Europe,   for  the   most   part,  ia  overflowed 
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by  this  equatorial  current.  Here,  in  London,  for  eight 
or  nine  months  in  the  year,  south-westerly  winds  pre- 
vail. But  mark  what  an  infiuence  tbitj  must  have  upon 
our  climate.  The  moisture  of  the  equatorial  ocean  comes 
to  us  endowed  with  potential  energy ;  it  comes,  if  you  prefer 
the  lan^age,  charged  with  latent  heat.  In  our  atmosphere 
condensation  takes  place,  and  the  heat  liberated  is  a  main 
source  of  warmth  to  our  climate-  Were  it  not  for  the 
rotation  of  the  earth,  we  should  have  over  us  the  hot  dry 
blasts  of  Africa ;  hut,  owing  to  this  rotation,  the  wind  which 
■tarts  northward  from  the  Uulf  of  Slexico  is  de6ectcd  to 
Europe.  Europe  is,  therefore,  the  recipient  of  those 
stores  of  latent  heat  which  were  amassed  in  the  western 
Atlantic.  The  British  Isles  come  in  for  the  greatest  share 
of  this  moisture  and  heat,  and  this  circumstance  adds 
itself  to  tliat  already  dwelt  upon — the  high  6|)eci6c  heat 
of  water — to  preserve  our  climate  from  extremes,  Jt 
is  this  condition  of  things  which  makes  our  fields  so 
green,  and  which  also  gives  the  freshness  to  our  maidens' 
cheeks. 

Another  property  of  water,  to  which  is  probably  due 
a  large  portion  of  Ita  influence  as  a  meteorological  agent, 
shall  be  examined  on  a  future  occasion. 

As  we  travel  eastward  in  Europe,  the  amount  of  aqueous 
precipitation  grows  less  and  less ;  the  air  becomes  more 
and  more  drained  of  its  moisture.  Even  between  the  east 
and  west  coasts  of  our  own  islands,  the  difference  is  sensi- 
ble ;  local  circumstances,  also,  have  a  powerful  influence 
oa  the  amount  of  precipitation.  Dr.  Lloyd  finds  the 
mean  yearly  temperature  of  the  wtvli-rn  coast  of  Ireland  tx> 
he  al>out  two  degrees  Fahr,  higher  than  that  of  the 
tern  coast  at  the  same  elevation  and  in  the  same  parallel 
'  of  latitude.  The  total  amount  of  rain  which  fell  in  the  year 
1851,  at  various  stations  in  the  island,  is  given  in  the 
following  table : 
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Station  Bala  la  ltwb«i 

PortATliogton        .        .        .        •        •  21-2 

Killongh 23-2 

Dublin 26-4 

Athy 26-7 

DooAgfaadee 27*9 

Cooiloirn 29*6 

KUnuh        ......  S^-tf 

Amtagh S8-1 

Kinyhoffi S3-2 

Unnmnre 33-6 

PortruRh 37-3 

Bariocruiw 89'8 

MitrkrM 40-3 

CutlotovoHiiJ 42*6 

Wwtport 459 

GKbircireeo  ......  69*4 

■With  reference  to  this  table,  Dr.  Lloyd  remarks : 

'  1.  That  there  is  great  diverBity  in  the  yearly  amount 
of  rain  at  the  different  stations,  all  of  which  (excepting 
four)  are  but  a  few  feet  above  the  sea  level ;  the  grcategt 
rain  (at  Cahirciveen)  being  nearly  three  times  as  great  aa 
the  least  (at  Portarlington). 

'  2.  That  the  stations  of  Icaet  rain  are  either  inland  or 
on  the  eastern  coast,  while  those  of  the  greatest  rains  are 
at  or  near  the  western  coast. 

*  3.  That  the  amount  of  rain  is  greatly  dependent  on 
the  proximity  of  a  mountain  chain  or  group,  being  always 
considerable  in  such  neighbourhood,  unless  tlie  station  lie 
to  the  north-east  of  the  same. 

*Thu8,  Portarlington  lies  to  the  north-east  of  Slieve- 
bloom ;  Killough  to  the  north-east  of  the  Moiime  range ; 
Dublin,  north-east  of  tlie  Wicklow  range,  and  so  on.  On 
the  other  hand,  the  stations  of  greatest  rain,  Cahirciveen, 
Castletownaend,  Westport,  &c,,  are  in  the  vicinity  of  high 
mountains,  but  on  a  different  side.* ' 

>  The  gT«At«8t  rainfHll  reoonled  by  Sir  Joba  Ilorachfll  in  fail  tJiMt 
(Meteorolog7,p.no.  &c.)<'CcuifttCbenaPiiDgoe.  where  the  anmui]  fiUl  ia 
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coirrBCTioa  ih  liquids — thi  gitlf  gtbkax. 

The  dialribution  of  heat  by  the  transfer  of  heated  air 
from  place  to  place,  is  called,  in  England,  '  convection^' 
in  contnidistiDctioQ  to  the  process  of  conduction,  which 
will  be  treated  in  its  proper  place.  FIcat  is  distributed 
in  a  similar  manner  through  liquids.  This  glass  ceU*  c 
(tig.  65),  contains  warm  water.  Throwing,  by  means  of  b 
converging  lens,  a  magnified  image  of  the  cell  upon  the 

Fia.  66. 


D,  I  introduce  the  end  of  a  pipette  into  the  warm 
water  of  the  cell,  and  allow  a  little  cold  water  gently  to 
tenter  it.  The  difference  of  refraction  between  tbcm 
'  enables  you  to  see  the  heavy  cold  water  fulling  Uirough 
the  lighter  warm  water.  The  experiment  succeeds  still 
better  when  a  fragment  of  ice  is  allowed  to  float  upon  the 
surface  of  the  water.  As  the  ice  melts,  it  sends  long 
heavy  atriffl  downwards  to  the  bottom  of  the  celL 

We  reverse  the  experiment  by  placing  cold  water  in  the 
oell*  and  hot  water  in  the  pipette.  Care  is  here  necessary 
to  allow  the  warm  water  to  enter  without  momentum, 
which  would  carry  it  mechanically  down.     The  point  of 

fi93  ioclui.  It  w  not  la j  objact  to  eater  tar  into  the  iDbjeet  of  meteorulogr ; 
for  tho  follMt  aod  moit  oeimrite  iofonnntioo  itja  render  vlll  refer  to  the 
eie«Il«at  vorks  of  Sit  John  HerKhel,  Mr.  Bacbui,  Profeaeor  Loomia,  Mid 
PrabMOr  Dova. 
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the  pipette  is  now  in  the  middle  of  the  cell,  and  as  the 
warm  water  enters,  it  speedilj  turns  upwards  (fig.  66)  and 
spreads  out  at  the  top,  almost  as  oil  would  do,  under  the 
same  circumstances.     In  the  Geyser  of  Iceland  convcc- 
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Hon  occurs  on  a  grand  scale.  A  fragment  of  paper  thrown 
upon  the  centre  of  the  water  which  fills  the  pipe,  is  in- 
stantly drawn  towards  the  side,  and  there  sucked  down  hj 
the  descending  current. 

Count  Rumford  made  a  number  of  very  amusing  but 
also  very  important  experiments  on  the  diffusion  of  heat 
through  liquids.  He  had  frequently  noticed  to  his  ooatj 
the  tenacity  with  which  stewed  apples  retained  their  heat. 
'  I  never  burnt  my  mouth  with  them,'  he  says,  '  without 
endejivouring,  but  in  vain,  to  find  out  some  way  of 
accounting  for  this  most  surprising  phenomenon.*  He 
noticed  that  the  water  of  the  volcanic  bay  of  fiaisQ  was 
cold,  while  the  sand  on  which  the  water  lay  was  intolerably 
hot  a  few  inches  beneath  the  surface.  Hence  he  con- 
cluded tbat  water  could  not  possess  the  poWer  of  conduct- 
ing heat  with  which  it  was  credited  in  liis  day.  A  stm-j 
beam  falling  on  a  flask  of  heated  alcohol  which  he  had 
placed  in  a  window  to  cool,  revealed  to  him,  by  the 
motion  of  floating  particles,  the  convection  currents  of  the 
liquid.  His  final  inference  was  that  it  is  solely  by  such 
currents  that  liquids  distribute  their  heat,  and  that  if  these 
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currenU  are  impeded,  a  proportionate  retardation  of  tlie 
diffusioD  occurs.  The  fibrous  pait  of  apples  he  found  to 
amount  to  only  two  per  cent,  of  the  whole,  the  rest  beiug 
mainly  water.  Still  this  small  modicum  of  solid  matter 
BO  reduced  the  power  of  transferring  heat  that  while  a 
thermometer  surrounded  by  stewed  apples  required  536 
seconds  to  be  raised  80'  F.  in  temperature,  it  required,  when 
surrounded  by  water, only  172secoud8.  Alixtug  192 grains 
of  starch  with  2,276  grains  of  water,  he  f(»und  the  con- 
vection so  hampered  by  the  starch  that  the  heating  of  hia 
thermometer  80*  required  3-il  seconds  of  exposure,  while 
when  surrounded  by  pure  water  only  172  seconds  were 
needed.  The  retention  of  heat  by  thick  soup  or  chocolate 
is  to  be  referred  to  the  cause  revealed  by  these  experiments 
of  Rumford. 

An  observation  bearing  on  convection,  which  specially 
illustrates  Rumford*a  penetration,  was  made  by  him  on  the 
Mex  de  Glace  at  Chamouni.  He  found  there  cylindrical 
shafts  about  4  feet  deep  and  7  inches  wide,  filled  with  water 
which  deepened  in  summer  from  day  to  day.  How  coidd 
this  melting  of  the  ice  at  the  bottom  occur  ?  Remembering 
our  experiments  on  the  maximum  density  of  water,  Rnm- 
ford'a  explanation  is  easily  understood.  The  ice-cold  water 
at  the  surface  of  the  shaft,  when  warmed  in  the  least 
degree  by  either  air  or  sun,  became  denser,  sank  to  the 
bottom  of  the  shaft,  melted  its  modicum  of  ice,  and  was 
continually  displaced  by  the  descent  of  fresh  warmecl 
water,  the  process  of  melting  being  thus  maintained. 

Partly  by  convection,  and  partly,  perhaps,  through  the 
action  of  winds,  currents  establish  themselves  in  the  ocean, 
and  powerfully  influence  climate,  by  the  heat  which  they 
distribute.  The  most  remarkable  of  these,  and  by  tar 
the  moat  important  for  us,  is  the  Gulf  Stream,  which 
crosses  the  Atlantic,  from  the  eifuatorial  regions,  passing 
through  the  Gulf  of  Alexico,  whence  it  derives  its  name. 
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Ab  it  quits  the  Straits  of  Florida  it  has  a  temperature  of 
83**  Fabr, ;  thence  it  follows  tiie  coast  of  America  as  far  as 
Cape  Fear,  whence  it  starts  across  the  Atlantic,  t^ikiog  a 
nurth-easterly  course,  and  finally  washing  the  coast  of 
Ireland,  aiid  the  north-western  shores  of  Europe  generally. 
As  might  be  expected,  the  influence  of  this  body  of 
warm  water  makes  itself  most  evid^it  during  our  winters. 
It  then  entirely  aholishes  the  difference  of  temperature, 
due  to  the  ditference  of  latitude  of  north  and  south 
Britain  ;  if  we  walk  from  the  Channel  to  the  Shetland  Isles 
in  January,  we  encounter  everywhere  the  same  temperature. 
The  isothermal  line  runs  north  and  south.  The  presence 
nf  this  water  renders  the  climate  of  Western  Europe 
totally  different  from  that  of  the  opposite  coast  of  America. 
The  river  Hudson,  for  example,  in  the  latitude  of  Rome, 
is  frozen  for  three  months  in  the  yeax.  Starting  from 
Boston  in  January,  proceediug  round  St.  John's,  and 
thence  to  Iceland,  we  meet  everywhere  the  some  tempera- 
ture. The  harbour  of  liammerfest  derives  great  value 
from  the  fact  that  it  is  clear  of  ice  all  the  year  round. 
This  is  due  to  the  Oulf  Stream,  which  sweeps  round  the 
Nortb  Cape,  and  so  modifies  the  climate  there  that  at 
some  places,  on  proceeding  nurlhward,  you  enter  a 
warmer  region.  The  contrast  between  Northern  Europe 
and  the  cast  coast  of  America  caused  Halley  to  surmise 
that  the  north  pole  uf  the  earth  had  shifted  ;  that  it  was 
formerly  situate  somewhere  near  Behring's  Straits,  and 
that  the  intense  cold,  observed  in  these  regions,  is  really 
the  culd  of  the  ancient  pole,  which  had  not  been  emtirely 
subdued  since  the  axis  changed  its  direction.  But  the  re- 
searches of  the  celebrated  Dove  have  taught  us  that  the 
Gulf  Stream,  and  the  diflTusion  of  heat  by  winds  and 
vnpours,  are  the  real  causes  of  European  mildness.  On  the 
western  coast  of  America,  between  the  Rodcy  Mountains 
and  the  ocean,  we  find  a  European  climate. 
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Europe,  then,  ja  the  oondenscr  of  the  Atlantic;  and 
the  inountaioa  are  the  chief  coudensers  in  Europe.  On 
them,  rDoreo\'er,  when  thej  are  sufficiently  high,  the  con- 
densed vapour  descends,  not  in  a  liquid,  but  a  solid  form. 
Let  us  look  at  this  water  in  its  birthplace,  and  follow  it 
through  iU  subsequent  course.  Clouds  float  in  the  air, 
and  hence  has  arisen  the  surmixe  that  they  are  composed  of 
vesicles  or  bladders  of  water,  thuu  forming  ahdUinHtend  of 
eph^*e8.  It  is  certain,  however,  us  shown  by  Maxwell,  that 
if  the  particles  of  water  be  sufficiently  small,  they  will  float 
for  an  indefinite  period  without  being  vesicular.  It  is  also 
certaiu  that  water-particles  at  high  elevations  possess,  on 
or  aAer  precipitation,  tbe  power  of  building  themselvea 
into  crystalline  forms;  thus  bringing  forces  into  play 
which  we  have  hitherto  been  accustomed  to  regard  as 
molecular,  and  which  could  not  be  ascribed  to  the  aggre- 
gates necessary  to  form  vesicles. 


SNOW. 

Snow,  perfectly  formed,  is  not  an  irregular  aggregate 
of  ice-particles.     In  a  calm  atmosphere,  the  molecules 
arrange   themselves,   so   as    to  form    the  most   exquisite 
figures.     You  have  seen  those  six-petalled  flowers  which 
>Bhow  themselves  within  a  block  of  ice,  when  a  beam  of 
heat  is  sent  through  it.     The  snow-crystals,  formed  in  a 
calm  atmosphere,  are  built  upon  the  same  type  ;  the  mole- 
cules arranging  themselves  to  form  hexagonal  stars.     From 
a  central  nticlcua  shoot  six  spiculic,  every  two  of  which  are 
^veparated  by  an  angle  of  60".    From  these  central  ribs 
Pvmaller  spiculce  shoot  right  and  left,  with  unerring  fidelity 
to  tbe  angle  GO",  and  from  these  again  otlicr  smaller  one« 
diverge  at   the   same   angle.      Dr.  Scoresby  has  left  us 
numerous  <lrawiugs  of  the  crystals  of  polur  snow  ;  those  in 
Bg.  G7  have  been  copied  from  the  sketches  of  Mr.  Glaisher. 
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These  frozeu  blossoms  load  the  Alpine  heights,  where 
their  frail  architecture  is  soon  destroyed  by  the  weather. 
Every  winter  they  fall,  and  every  summer  they  disappear, 
but  thi:)  rhythmic  action  does  not  perfectly  compensate 
itself.  Below  a  oertain  line,  warmth  is  predominant,  the 
quantity  which  falls  every  winter  being  entirely  swept 
away ;  above  this  line,  cold  is  predominant ;  the  quantity 
which  folia  is  in  excess  of  the  quantity  melted,  and  an 
annual  residue  remains.  In  winter  the  snows  stretch  down 
to  the  plains ;  in  summer  they  retreat  to  the  enow-liTie^ 
where  the  snow-fall  of  every  year  is  exactly  balanced 
by  the  coDsumptiou,  and  above  which  is  tlie  region  of 
eternal  snows.  But,  if  a  residue  is  left  annually  above 
the  snow-line,  the  mountains  must  be  loaded  with  a 
burden  which  increases  every  year.  Supposing,  at  a 
particular  point  above  the  line  referred  to,  a  layer  of 
three  feet  a  year  to  be  added  annually  to  the  mass  ;  this 
deposit,  accumulating  even  through  the  brief  ]>eriodof  the 
Christian  era,  would  produce  an  elevation  of  5,630  feet. 
And  did  such  accumulations  continue  throughout  geologic, 
instead  of  historic  ages,  we  cannot  ei-timate  the  height  to 
which  the  snows  would  pile  tliemselves.  It  is  manifest 
tliat  no  acctunulation  of  this  kind  takes  plaoe.  By  some 
means  or  other  the  sun  is  prevented  from  lifting  the  ocean 
out  of  its  basins,  and  piling  its  waters  permanently  upon 
the  hills. 
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>{ow,  then,  is  this  annually  augmenting  load  taken  off 
the  iihoulders  of  the  mountains?  The  snows  sometimes 
detach  themselves,  and  rush  down  iTie  slopes  in  avalanches, 
melting  to  water  in  the  warmer  air  below.  But  the  violent 
rush  of  the  avalanche  is  not  their  only  motion ;  they  also 
11 
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creep,  by  ulmust  iuseoatble  decrees,  down  the  ^atler  slopes. 
As  layer,  moreover,  heaps  itself  upon  layer,  the  deeper  por- 
tions of  the  mass  become  squeezed  and  consolidated  ;  the 
air,  first  entrapped  in  the  meshes  of  tlie  snow,  is  forced 
out,  and  the  comprewed  mass  approximates  more  and  more 
to  the  character  of  ice.  You  know  how  the  granules  of  A 
snowball  will  adhere ;  and  you  know  how  hard  you  can 
make  the  ball  if  mischievously  inclined.  The  snowball 
is  incipient  ice;  auf^ment  the  pressure,  and  you  actually 
convert  it  into  ico.  Hut  even  after  it  has  attained  a 
compactness  which  would  entitle  it  to  b*^  called  ice,  it  i? 
stil!  capable  of  yielding  more  or  less  to  pressure.  When, 
therefore,  a  sufficient  depth  of  the  substance  collects  upon 
the  earth's  surface,  the  lower  portions  are  squeez-ed  out  by 
the  pressure  of  the  upper  ones,  and  if  the  snow  rests  upon 
a  slope,  it  will  yisUl  principally  in  the  direction  of  the 
slope,  and  move  downwards. 

This  motion  is  incessantly  going  on  along  the  slopes  of 
every  snow-laden  mountpain  ;  in  the  Himalayas,  in  the 
Andes,  in  the  Alps ;  but,  in  addition  to  this  motion, 
which  depends  upon  the  power  of  the  substance  itself  to 
yield  to  pressure,  there  is  also  a  sliding  motion,  over  the 
inclined  bed.  The  consolidated  snow  moves  bodily  over 
the  mountain  slope,  grinding  off  the  asperities  of  the  rocks, 
and  polishing  their  hard  surfaces.  The  under  siu'faoe  o( 
the  glacier  is  also  scaired  and  furrowed  by  the  rocks 
over  which  it  has  paf*8ed ;  but  as  the  compacted  snow 
descends,  it  enters  a  warmer  region,  ia  more  copiously 
melted,  and  sometimes,  before  the  base  cf  its  slope  is 
reached,  it  is  wholly  cut  off  by  fusion.  Snmetimes,  how- 
ever, large  and  deep  valleys  rec-iv3  the  gelid  masses  tha*? 
sent  down ;  in  these  valleys  it  is  further  consolidated,  and 
through  them  it  moves,  at  a  slow  but  measurable  pace^ 
imitating  in  all  its  motions  those  of  a  river.  The  ice  is 
thus  carried  far  beyond  the  limits  of  pprjK'l  ual  snow,  imtil. 
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at  length,  tlie  consumptiou  below  equals  the  supply  above. 
At  this  point  the  glacier  ceases.  From  the  snow-Hne 
dowDwordu  in  summer,  we  have  ice ;  above  the  snow-line, 
both  summer  and  winter,  we  have,  on  the  surface,  snow. 
The  portion  below  the  enow- tine  is  called  a  gla4ner,  that 
above  the  snow-line  is  called  the  nSvS^  or  Fini*  The  n^ve, 
or  Fim,  is  the  feeder  of  the  gflacier. 

•Several  valleys,  thus  filled,  may  unite  in  a  single 
valley,  the  tributary  f^lacicrs  wcliling  themselves  together 
to  ibtm  u  common  trunk.  Both  the  main  valley,  and  its 
tributarieti,  are  often  sinuous,  and  to  form  the  trunk  the 
tributaries  must  change  their  direction.  The  width  of 
the  valley,  also,  often  changes :  the  glacier  is  forced  through 
narrow  gorges,  widening  after  it  has  passed  them ;  the 
centre  of  the  glacier  moves  more  quickly  than  the  sides, 
and  the  sur&ice  mure  quickly  than  the  bottom.  The  point 
of  swiflest  motion  follows  the  same  law  as  that  oheierved  in 
the  flow  of  rivers,  changing  from  one  side  of  the  centre  to 
the  other,  as  the  flexure  of  the  valley  changes.  Most  of 
the  great  glaciers  iu  the  Alps  have,  in  summer,  a  central 
velocity  of  two  feet  a  day.  There  nre  points  on  the 
Mer-ile-Glace,  opposite  the  Montanvert,  which  have  a 
daily  motion  of  thirty  inches  in  summer,  and  which,  in 
winter,  move  at  half  this  rate. 

The  physical  property  by  which  glacier  ice  is  enabled 
to  accommodate  itself  to  the  form  of  the  Alpine  channels 
through  which  it  moves  has  been  a  subject  of  warm  and 
prolonged  discussion.  Some  writers  have  regarded  the  ice 
a«  viscous ;  some  have  referred  its  motion  to  its  lique- 
faction under  pressure  (a  point  already  illustrated  in  our 
Sixth  Lecture),  and  the  refreczing  of  the  water  in  positions 
of  diminished  pressure ;  some  have  referred  it  to  a  quality 
observed  by  Faraday  in  1850,  in  virtue  of  which  ioe  is  able 
to  imitate  in  many  respects  the  deportment  \»f  a  viscous 
body.     Theso  are  all  true  causes,  and  each  of  them  pro- 
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bably  cornea  more  or  less  into  play;  but  the  cause  which  I 
have  advocated  as  the  principal  one  is  that  last  CDentioned. 
It  19  based  upon  the  observed  fact  that  when  two  pieces  of 
moist  ice,  possessing  throughout  the  temperature  of  32° 
Fahr,,  are  placed  in  contact  with  each  other,  they  freeze 
together  at  the  points  where  they  touch. 

To  account  for  this  freezing  of  a  film  of  water,  when 
the  ice  adjacent  to  it  has  no  store  of  cold  to  be  applied  to 
freezing,  has  also  given  rise  to  considerable  discussion. 
Some  say  that  liquefaction,  accompanied  by  refrigeration, 
occurs  through  pressureat  the  points  of  contact,and  that  the 
water  formed,  being  below  32"  in  temperature,  refreezes  on 
escaping  from  the  pretisure,  th  is  new  ice  forming  the  cement 
which  unites  the  contiguous  surfaces.  Others,  under  the 
leadership  of  Faraday,  have  reasoned  in  the  following  way. 
We  know  that  vapour  is  continually  escaping  from  the  free 
surface  of  a  liquid  :  that  the  particles  at  the  surface  attain 
their  gaseous  liberty  sooner  than  the  particles  within  the 
liquid;  it  is  natural  to  expect  a  similar  state  of  things 
with  regard  to  ice — that  when  the  temperature  of  a  moss 
of  ice  is  uniformly  augmented,  the  6r&t  particles  to  attain 
liquid  liberty  will  be  those  at  the  surface ;  for  liere  they 
are  entirely  free,  on  one  side,  from  the  controlling  action 
of  the  surronnding  particles.  Supposing,  then,  two  pieces 
of  ice,  raised  throughout  to  32**,  and  melting,  at  thi« 
temperature,  at  their  surfaces  ;  what  may  be  exf)ected  to 
occur  if  we  place  the  liquefying  surfaces  close  together? 
We  thereby  virtually  transfer  these  surfaces  to  the  centre 
of  the  ice,  where  the  motion  of  each  molecule  is  controlled, 
all  around,  hy  its  neighbours.  As  might  reasonably  be 
expected,  the  liberty  of  liquidity,  at  each  point  where  the 
surfaces  touch  each  other,  is  arrested,  and  the  two  piece-a 
freeze  together  at  these  points. 

This  is  the  effect  to  wliich  attention  was  first  directed 
by  Faraday,  in  June  1850,  and  which  is  now  known  undei 
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the  name  of  Ragelation.^  On  a  hot  summer^s  day,  I  have 
gone  into  a  ahop  in  the  Strand,  where  fragments  of  ice 
vere  exposed  in  a  basin  in  the  window  ;  and,  with  the 
shopman's  permisition,  have  laid  hold  of  the  topmost  piece 
of  ice,  and,  by  means  of  it,  have  lifled  the  wliole  of  the 
pieces  bodily  out  of  the  dish.  Though  tlie  thermometer 
at  the  time  stood  at  80%  tJie  pieces  of  ice  had  frozen 
together  at  their  points  of  junction.  Even  under  hot  water 
Oiis  effect  takes  place.  Tlje  basin  before  me  contains  water 
as  hot  as  my  hand  can  hear ;  I  plunge  into  it  two  pieces 
of  ice  and  hold  them  together  for  a  moment :  they  are 
now  frozen  to  each  other,  notwithstanding  the  presence 
of  the  heated  liqtiid.  A  pretty  experiment  of  Faraday's 
consists  in  placing  a  number  of  small  fragments  of  ice  in 
a  dish  of  water  deep  enough  to  float  them.  ^\Tien  one 
piece  touches  the  other,  even  at  a  single  point,  regelation 
instantly  sets  in.  Thus,  a  train  of  pieces  may  be  caused  to 
touch  each  other,  and  afier  they  have  once  so  touched, 
you  may  take  the  terminal  piece  of  the  train  and,  by 
means  of  it,  draw  all  the  others  after  it.  When  we  seek 
to  )>end  two  pieces,  thus  united  at  their  point  of  junction, 
the  frozen  points  suddenly  separate  by  fracture,  but,  at 
the  same  moment,  other  points  come  into  contact,  and 
regelation  set^  in  between  them.  Thus  a  wheel  of  ice 
might  be  caused  to  roll  on  an  ice  surface,  the  contactfi 
being  incessantly  ruptured,  with  a  crackling  noise,  and 
others  as  quickly  established  by  regelation.  In  virtue  of 
this  property  of  regelation,  ice  is  able  to  reproduce  many 
of  the  phenomena  which  are  usually  ascribed  to  viscous 
bodies. 

Here,  for  example,  ia  a  straight  bar  of  ice :  by  passing 
it  successively  through  a  series  of  moulds,  each  more 
curved  than  the  last,  it  is  finally  turned  out  as  a  semi- 

*  A  term  suggr^ttd  by  Sir  Joseph  Hooker  to  Mr.  Huxloj  &Dd  idjmU^ 
CD  Ui«  pablic&tioa  of  uur  lirit.  paper  upoa  glaciers. 
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ring.  The  straight  bar,  on  being  squeezed  into  the 
curved  mould,  breaks;  but  by  continuing  the  pressure^ 
new  suj-fices  come  into  contact,  and  the  continuity  of 
the  mass  is  restored.  A  handful  of  email  ice  fragment?, 
when  squeezed  together,  freeze  at  their  points  of  contact, 
and  form  one  aggregate.  The  making  of  a  snow-ball,  as 
remarked  by  Faraday,  illustrates  the  same  principle. 
In  order  that  this  freezing  shall  take  place,  the  snow 
ought  to  be  at  32",  and  moist.  When  below  32%  and  dry, 
on  being  squeezed  it  behaves  like  salt.  The  crossing  of 
snow-bridges,  in  the  upper  regions  of  the  Swiss  glaciers,  is 
often  rendered  possible  solely  by  the  regelalion  of  the 
snow  granules.  The  climber  treads  down  the  mass  care- 
fully, and  causes  its  granules  to  regelate :  he  thus  obtains 
an  amount  of  rigidity  which,  without  the  aid  of  regelation, 
would  be  quite  unattainable.  To  those  unaccustomed  to 
such  work,  the  crossing  of  snow  bridges,  spanning,  as  they 
often  do,  fissures  100  feet,  and  more,  in  depth,  appeals 
quite  appalling. 

Placing  some  ice  fragments  in  a  boxwood  mould,  of  the 
form  of  a  shallow  cylinder,  with  a  flat  piece  of  boxwood  over- 
head, I  subject  the  ice  to  the  action  of  a  small  hydraulic 
press,  and  squeejce  the  mass  forcibly  into  the  mould.  The 
fragments  are  converted  by  the  pressure  into  a  coherent 
cake  of  ice.  Wo  can  place  it  in  a  lenticular  cavity  and 
again  sciuecze  it.  It  is  crushed  by  the  pressure,  but  new 
contacts  are  established,  and  the  mass  is  turned  into  a 
lens  of  ico.  I  transfer  the  lens  to  a  hemispherical  cavity, 
E  (fig.  G8)^  bring  down  upon  it  a  hemispherical  pro- 
tuberance, p,  which  is  not  quite  able  to  fill  the  cavity, 
and  squeeze  the  mass:  the  ice,  which  a  moment  ago 
was  a  lens,  is  now  pressed  into  the  space  between  the 
two  spherical  surfaces:  on  removing  the  protuberance, 
you  see  the  interior  surface  of  a  cup  of  glassy  ice.  When  * 
detached  ttvm  the  mould,  it  is  a  hemispherical  cup,  which 
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Biay  be  filled  with  cold  wine,  without  the  e»:ape  of  a 
drop.     I  scrape,  with  a  chisel,  a  quantity  of  ice  from  a 
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block,  and,  placing  the  Bpongy  mass  wiihiii  a  spherical 
oavitj,  0  (fig.  69),  squeeze  it  and  tu\d  to   it,  till,  finally, 

i  by  brii^png  down  upon  it  another  8pherir.il  cavity,  d,  it 
18  inclosed  as  a  sphere  between  both.  As  the  press  is 
worked,  the  substance  becomt^  more  and  more  compact. 
1  add  more  material,  and  again  squeeze  ;  by  every  such 
act  the  mass  is  made  htinler,  and  the  result  is  a  snowball 
each  as  you  never  saw  before.     It  is  a  sphere  of  hard 

^translucent  ice,  n.     In  this  way  broken  ice  can  be  rendered 


rompact  by  pressure,  and  in  virtue  of  the  property  of 
regehition,  which  cements  its  touching  surfaces,  the  sub- 
stance may  be  made  to  Uke  any  shape  we  plea-se.  Were 
the  experiment  worth  the  trouble,  a  ropo  of  ice  might  be 
formed  from  this  block,  and  afterwards  coiled  into  a  knot. 
Nothing,  of  course,  can  be  easier  than  to  produce  statuettes 
of  Ice  from  suitable  moulds,  a  (fig.  70)  is  made  up  of 
a  cup,  three  short  cylinders,  and  a  foot,  all  of  ice  formed 
from  squeezed  snow.     Put  together,  the  pieces  regelate 
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and  form  tbe  claret  glass  b.  o  ia  also  a  coliprent  mass  of 
ice  produced  hy  squeezing  tc^tfaer  smaller  fragments. 
It  is  not  difficult  to  understand,  how  a  substance  thus 
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endowed  can  be  squeezed  through  the  gorges  of  the  Alps 
— can  bend  so  as  to  accommodate  itself  to  the  flexures 
of  the  Alpine  vallcysj  and  can  permit  of  a  difTcrential 
motion  of  its  parts.* 


ANCIENT   OLAaSRS,   IHEORCTIC    EtlROBS. 

I  have  thus  briefly  sketched  the  phenomena  of  existing;! 
glaciers,  as   far  as  they  are  related  to  oiu*  present  subject  n 
but  the  scientific  explorer  of  mountain  regions  soon  meet«' 
with  appearances,  which  carry  his  mind  back  to  a  state  of 
things  very  different  from  that  of  the  present  day.     The 
unmistakable  traces  which  they  have  left  behind  them  show 
that  vast  glaciers  once  existed,  in  places  from  which  they 
have  for  ages  disappeared.   This  was  first  proved  by  Venetz, 
an  engineer  of  Brieg  in  the  valley  of  the  Rhone.     Go,  for 
example,  to  the  glacier  of  the  Aar  in  the  Bernese  Alps,  and 
observe  its  present  performances  ;  look  to  the  rocks  upon 
ita  flanks  as  they  are  at  this  moment,  rounder],  polished, 
and  scarred  by  the  moving  ice.    And,  having  by  patient  and 

>  Ta  noDlding  ice,  it  i>  ndriuble  to  first  vet  tbe  boxwood  mould  vitli 
hot  vftt«r.  ThU  fheiliUtoi  the  renirTTnl  of  Itio  eompreeaed  nbetuMW, 
A  coaical  ping  is  iiuertcd  iota  m j  cm  moaldt,  tbe  oareAil  ^Afjij^xtg  of  wUoh 
Booo  dotacbM  the  ie*. 
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varied  exercise  educated  jour  eye  and  judgment  in  these 
matters,  walk  down  the  glacier  towards  its  end,  keeping 
always  in  view  the  evidences  of  glacial  action.  After 
ijuitting  the  ice,  continue  your  walk  down  the  valley 
towards  the  Grimsol ;  you  see  everywliere  the  same  unmis- 
takable record.  The  rocks  which  rise  from  the  bed  of  the 
valley  are  rounded  like  hogs'  backs.    These  are  the  rooheg 

1  tnoutonnis  of  Charpentier  and  Agassiz  ;  you  obser^'e  upon 
them  the  larger  flutings  of  the  ice,  and  also  the  smaller 
scars,  scratched  by  pebbles,  which  the  glacier  held  as  a 
kind  of  emery  on  its  under  surface.  All  the  rocks  of  the 
Grimsel  have  been  th\ifl  planed  down.  Walk  down  the 
valley  of  Hasli  and  examine  the  mountain  sidca  right  and 
left ;  without  the  key,  which  I  now  mipposc  you  to  possess, 
you  would  be  in  a  land  of  enigmas;  but  with  this  key  all 
is  plain — you  see  everywhere  the  well-known  scnrs  and 
flutings  and  furrowings.  In  the  bottom  of  the  valley  you 
have  the  rocks  rubbed  down,  in  some  places,  to  dome-shaped 

'  masses,  and,  in  others,  polished  so  smoothly  that  to  pass 
over  them,  even  when  the  inclination  is  moderate,  steps 
must  be  hewn.  All  the  way  down  to  Meyringen,  and 
beyond  it,  if  you  wish  to  piu-sue  the  inquiry,  these 
evidences  abound.  For  a  preliminary  lesson  in  recog- 
nising the  traces  of  ancient  glaciers,  no  better  ground 
than  this  can  be  chosen. 

Simitar  evidences  are  found  in  the  valley  of  the 
Bhone  ;  you  may  track  them  through  the  valley  for  eighty 
milca,  and  lose  them  at  length  in  the  Lake  of  Geneva, 
But  on  the  fianks  of  the  Jura,  at  the  opposite  side  of  the 
Canton  de  Vaud,  the  evidences  reappear.  All  along  the^ 
limestone  slopes  are  strewn  the  granite  Iwulders  of  Mont 
Blanc.  Kight  and  left,  also,  from  the  great  Rhone  valley^ 
the  lateral  valleys  show  that  they  were  once  6  lied  with 
ice.  On  the  Italian  aide  of  the  Alps  the  remains  are 
Btill  more  stupendotis  than  those  on  the  northern  side. 
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Grand  as  the  present  glaciers  seem  to  those  who  explore 
them  to  their  full  extent,  they  are  mere  piginiea  in  com- 
parison with  their  predecessors- 

Not  in  Switzerland  only — not  only  in  proximity 
with  existing  glaciers — are  these  well-known  vestigea  of 
tlie  ancient  ice  discernible ;  on  the  bills  of  Cumberland 
they  are  almost  as  clear  as  among  the  Alps.  Where  the 
bare  rock  has  been  exposed  for  ages  to  the  action  of 
the  weather,  the  finer  marks  have,  in  many  cases,  dis- 
appeared ;  and  the  mammillated  forms  of  the  rocks  are 
the  only  evidences.  But  the  removal  of  the  protecting 
soil  often  diecloees  surfaces,  scarred  as  sliarply,  and 
polished  as  cleanly,  as  those  which  are  now  being 
scratched  aud  polished  by  the  glaciers  of  the  Alps. 
Jiound  about  Scawfell,  the  traces  of  ancient  ice  appear, 
both  in  rochea  moutonrUe  and  bloca  perciiSs ;  and  there 
are  ample  facts  to  show  that  Borrodale  was  once  occupied 
by  glacier  ice.  On  North  Wales,  ah«),  the  ancient 
glaciers  have  phiced  their  stamp  so  firmly,  that  tlie 
ages  which  have  since  elapsed  have  failed  to  obliterate 
even  their  superficial  markings.  All  round  Snowdou 
these  evidences  alK>und.  On  the  south-west  coast  of 
Ireland  rise  tlie  Reeks  of  Macgillicuddy,  which  tilt 
upwards,  and  catch  upon  their  cold  crests  the  moist  wiuds 
of  the  Atlantic ;  precipitation  is  copious,  and  rain  at 
Killarney  seems  the  order  of  Nature.  In  this  moist 
r^on  every  crag  is  covered  with  rich  vegetation ;  but 
the  vapours,  which  now  descend  as  mild  and  fertilising 
rain,  fell  aforetime  as  snow,  which  formed  the  material 
for  noble  glaciers.  The  Black  Valley  was  once  filled  by 
ice,  which  planed  down  the  sides  of  the  Purple  Mountain, 
as  it  moved  towards  the  Upper  Lake.  The  basin  oc- 
cupied by  this  lake  was  entirely  filled  by  the  ancient 
ice,  and  every  Island  that  now  emerges  from  its  surface  is 
a  glacier-dome.    The  fantastic  names,  which  many  of  the 
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ri>cks  have  received,  are  suggested  by  the  Bhapes  into 
which  they  have  been  sculptured  by  the  mighty  moulding 
plane  which  once  passed  over  them.  North  America  is 
also  thus  glaciated.  A  notable  obBervabion,  in  con- 
nection with  this  subject,  has  been  made  by  Sir  Joseph 
Hooker  during  a  visit  to  Syria.  He  found  tlie  cele- 
brated cedars  of  Lebanon  growing  upon  ancient  glacier 
moraines. 

To  determine  the  conditions  which  permittet^l  of  the  for- 
mation of  those  vast  masses  of  ice,  has  long  been  a  problem 
with  philosophers,  and  a  consideration  of  some  of  the 
solutions  which  have  been  offered,  from  time  to  time,  will 
not  be  iminstructive.  The  aim  of  all  the  writers  on  this 
subject,  witb  whom  I  was  acquainted  when  I  took  it 
up,  was  the  attainment  of  cold.  Some  eminent  men 
thought  that  the  reduction  of  temperature,  during  the 
glacia.1  epoch,  was  due  to  a  diminution  of  solnr  radia- 
tion; others  thought  that  in  its  motion  through  8|:»ace 
oar  system  may  have  traversod  regions  of  low  tem- 
perature, and  that,  during  its  passage  tlirough  these 
regions,  the  ancient  glaciers  wure  produced.  Others 
tried  to  lower  the  temperature,  by  a  redistribution  of 
laud  and  water.  The  eminent  men  who  propounded 
and  advocated  the  above  hypotheses,  appear,  ouo  and  all, 
to  have  overlooked  the  fact,  that  the  enormous  extension 
of  glaciers  in  bygone  ages  demonstrates,  just  as  rigidly, 
the  operation  of  beat  as  the  action  of  cold. 

Cold  alone  will  not  produce  glaciers.  You  may  have 
the  bitterest  north-east  winds  here  in  London  throughout 
the  winter,  without  a  single  flake  of  snow.  Cold  must 
have  the  fitting  object  to  operate  upon,  and  this  object — 
aqueous  vapour — is  the  direct  product  of  heat.  Let  ns 
put  this  glacier  question  in  another  form :  the  latent 
heat  of  aijueous  vapour,  at  the  temperature  of  its 
production   in   the    tropics,  is  about  1,000**   Fahrenheit* 
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A  pound  of  water,  then,  vaporised  at  the  e([uator, 
h&a  aheorbed  1,000  times  the  quantity  of  heat  which 
would  raise  a  pound  of  the  liquid  one  degree  in  tempera- 
ture. But  the  quantity  of  heat  which  would  raL^e  a  pound 
of  water  one  degree,  would  raise  a  pound  of  cast  iron  ten 
degrees :  hence,  simply  to  convert  a  pound  of  the  water  of 
the  equatorial  ocean  into  vapour,  a  quantity  of  heat  would 
be  required  6u6Gcient  to  impart  to  a  pound  of  cast  iron 
10,000  degrees  of  temperature.  But  the  fusing-point  of 
oast  iron  is  2,000*  Fahr. ;  therefore,  for  every  pound  of 
vapour  produced,  a  quantity  of  heat  has  been  expended  by 
the  sun,  sufficient  to  rai^e  6  lbs.  of  cast  iron  to  its  melting 
point.  Imagine,  then,  every  one  of  those  ancient  glaciers 
with  its  mass  quintupled ;  and  imagine,  in  tlie  place  of 
the  mass  so  augmented,  an  equal  weight  of  cast  iron 
raised  to  the  white  heat  of  fusion ;  we  shall  then  have 
the  exact  expn^ssion  of  the  solar  action  involved  in  the 
production  of  the  ancient  glaciers.  Substitute  the  hot 
iron  for  the  cold  ice — our  speculations  would  instantly 
be  directed  to  account  for  the  heat  of  the  glacial  epoch 
instead  of  its  cold,  and  a  complete  reversal  of  some  of  the 
hypotheses  above  quoted  wouM  eusue. 

It  is  perfectly  manifest,  that  by  weakening  the  eim'a 
action,  either  through  a  defect  of  emission,  or  by  the  steep- 
ing of  the  entire  solar  system  in  space  of  a  low  temperature, 
we  should  be  cutting  off  the  glaciers  at  their  source.  Vast 
masses  of  mountain  ice  indicate,  infallibly,  the  existence  of 
commensurate  masses  of  atmospheric  vapour,  and  a  propor- 
tionately vast  action  on  the  part  of  the  sun.  In  a  distilling 
apparatus,  if  you  required  to  atigment  the  quantity  distilled, 
you  would  surely  not  attempt  to  obtain  the  low  temperature 
necessary  to  condensation,  by  taking  the  fire  from  under  your 
boiler  ;  but  this  is  what  has  been  done  by  those  philosophers 
who  have  sought  to  produce  the  ancient  glaciers  by  diminish- 
ing the  sun's  heat.     It  is  quite  manifest  that  the  thing  most 
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needed  to  produce  the  glacieiB  is  an  improved  coTidenaer ; 
we  cannot  afford  to  lose  an  iota  of  solar  action ;  we  need, 
if  anything,  more  vapour,  but  we  need  a  condenser  bo 
powerful,  that  this  vapour,  instead  of  Mling  in  liquid 
showers  to  the  earth,  shall  be  so  far  reduced  in  tempera^ 
ture  as  to  descend  in  snow.  The  problem,  I  think,  is  thus 
naiTowed  to  the  precise  issue  on  which  its  solution  depends. 
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ocmrcnoK  or  bkat — oood  cowdcctou  and  bad  covsoctob*— oonwo* 

TITITT    or    TIM    JCJtTAlfl    rOU   HBAT :    Bltl^TTOIT   BTWJPPt   TBSBIUI.  AMVI 
VUELTRIC   OONUHCTITITT — INCLUKHCK  OP   TKHFXHATUIU  DIt  TBB  CDlTDmi- 

I  TiON  or  BUKTBiarr — nfTLOicrcK  or  holbculab  coNSTmmoir  ox  m 

C30NUUCnOH   OF    UllAT— RBX^TIOK   OK    RPUCina    HSAT    TO    CX)MDDCnOK — 

FBiuMorHT    or    CLonuts:     kumtokd'h    KxntxuuDmf — iim.riaro  or 

VBCHAXICUII.     THXTDRB    OX    COXDDCTIOM— IMCB0aTATIOK«    0»    BOIUBa — 
TUB   JSAirSTT  I.AMr— COVDUCTTTITT  OT  UQmtW  AKD  0ASB8. 


CONbOCTION    OF    HKAT — RXrGRIMKKTAL    ILLUSTRATIONS. 

rE  coDception  of  molecular  motion  is  now,  I  trust, 
femiliar  to  us ;  and  we  have  to-day  to  carry  this 
conception  a  step  forward.  Closely  grouped  as  they  axe, 
the  atoms  of  solid  bodies  cannot  oscillate  without  com- 
municating their  motion  to  neighbouring  atoms.  To  this 
propagation  of  the  motion  of  heat  from  atom  to  atom,  we 
must  now  devote  our  attention. 

I  grasp  this  poker,  and  feci  it  to  be  a  hard  and  heavy 
body,  but  it  neither  warms  nor  chills  me.  It  has  been 
before  the  fire,  and  its  temperature,  at  the  present 
moment,  chanceB  to  be  the  same  as  that  of  my 
nerves  ;  there  is  neither  abstraction  nor  communication  of 
heat.  But  when  the  end  of  the  poker  is  thrust  into  the 
firCi  its  atoms  are  thrown  into  a  state  of  more  intense 
oscillation  ;  these  swinging  atoms  strike  their  neighbours, 
tbeec  again  theirs,  and  thus  the  molecular  music  rin^^s 
aloogf    the    bar.     If  I   were  now   to  lay  hold   of   the 
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poker,  iU  atomic  motion  would  be  communicated  to  my 
nen'ca,  and  would  produce  the  pain  of  burning.  Convec- 
tion we  have  alreadj'  defined  to  be  the  transfer  of  beat, 
bj  Bensible  masses  of  matter,  from  place  to  pUce;  but 
the  transfer  which  consists  in  each  atom  taking  up  the 
motion  of  it^  neighbours,  and  sending  it  on  to  otberB,  is 
called  the  conduction  of  heat. 

Let  me  exemplify  thia  property  of  conduction,  in  a 
homely  way.  In  a  basin,  filled  with  warm  water,  I  havo 
placed  a  cylinder  of  iron,  an  inch  in  diameter,  and  two 
inches  in  height.  This  cylinder  is  to  be  my  source  of  heat. 
Laying  the  thermo-pile,  o  (fig.  7 1 ),  thus  flat,  with  its  naked 
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face  turned  upwards,  I  set  upright  upon  that  face  a  cylinder 
of  copper,  c,  which  now  passesses  the  temperature  of  this 
rix>m.  You  observe  no  deflection  of  the  galvanometer. 
1  now  place  the  warm  cylinder,  i,  having  first  dried  it, 
upon  the  cool  one.  The  upper  cylinder  is  not  at  more 
than  blood-hcAt;  but  you  see,  almost  before  this  remark 
is  uttered,  the  needle  flies  aside.  The  heat  of  the  iron 
cylinder  has  been  thus  rapidly  'conducted  '  by  the  copper 
one  to  the  face  of  the  pile. 

Copper,  which  we  have  just  used,  possesses  this  power 
of  conduction  in  a  very  eminent  degree.  Let  us  now 
remove  the  copper,  allow  the  needle  to  return  to  0%  and 
tJien  lay  upon  the  &ce  of  the  pile  a  cylinder  of  glass* 
On  the  cylinder  of  glosn  I  place,  as  before,  the  iron 
cylinder,  which  has  been  re-lieated  in  the  warm  water. 
We   wait  thrice   the  time   required   by  the  copper    to 
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tniDFinit  the  heat,  but  tlie  needle  continuefl  znotioDless. 
Placing  cylinders  of  wood,  chalk,  Btone,  and  6rc-clay,  in 
siicc&ituoD,  on  the  pile,  and  beating  their  upper  ends  in 
the  same  manner,  we  find  that  in  the  time  which  we  can 
devote  to  an  experiment,  not  one  of  these  substances  is 
competent  to  transmit  the  heat  to  the  pile.  The  mole- 
cules of  these  Rubstances  are  incompetent  to  pass  the. 
motion  of  heat  freely  from  one  to  another.  These  bodies 
are  all  baii  conductors  of  heat.  On  the  other  hand,  when 
oylinders  of  zino,  iron,  lead,  bismuth,  &c.,  ore  placed  in 
succession  on  the  pile,  each  of  them  exhibits  the  power 
of  transmitting  the  motion  of  heat  rapidly  through  its 
mass.  In  comparison  with  the  wood,  stone,  chalk,  glass, 
and  clay,  they  are  all  good  conductors  of  heat. 

As  a  general  rule,  not  however  without  exception, 
metals  are  the  best  conductors  of  heat*  But  metals  differ 
notably  among  themselves,  as  regards  their  powers  of  con- 
duction. A  comparison  of  copper  and  iron  will  illustrate 
this  point.     Behind  me  are  two  bars,  a  u,  a  c  (fig.  72), 
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placed  end  to  end,  with  balls  of  wood,  attached  by  wax  at 
equal  distances  from  the  place  of  junction.  Under  the 
junction  is  placed  a  spirit-lamp,  which  heats  the  ends  of 
the  bars:  the  heat  is  propagated  right  and  left  through 
both.  The  bar  a  B  is  iron,  the  bar  a  c  is  copper ;  the  heat 
travels  to  a  greater  distance  along  the  copper,  which  is 
the  better  conductor,  this  being  proved  by  the  liberation 
of  n  greater  number  of  its  balls. 

One  of  the  first  attempts  to  determine,  with  accuracy, 
the  conductivity  of  different  bodies   for  heat,  was  that 
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BUggesled  hj  Franklin,  and  carried  out  by  Ingenhauaz. 
He  coated  a  number  of  bare  of  various  substances  with 
wax,  and,  immersing  the  ends  of  the  bars  in  hot  oil,  he 
observed  the  distance  to  which  the  wax  was  melted,  on 
each  of  the  bars.  The  good  conductors  melted  the  wax  to 
the  greatest  distance  ;  and  the  melting  distance  furnished 
a  measure  of  the  conductivity  of  the  bar. 

The  second  method  was  that  indicated  by  Fourier,  and 
followed  out  experimentally  by  Pespretz.     a  b  (Hg.  73) 

Fw-TS. 


XT. 

represents  a  bar  of  mctol,  with  holes  drilled  in  it,  intended 
to  contain  small  thermometers.  At  the  end  of  the  bar  was 
placed  a  lamp,  as  a  sonrce  of  heat;  the  heat  was  propa- 
gated through  the  bar,  reaching  the  thermometer  a  first, 
6  next,  c  next,  and  so  on.  For  a  certain  time,  the  thermo- 
meters continued  to  rise,  but  the  state  of  the  bar  liecame 
at  length  stationary,  each  thermometer  marking  a  con- 
stant temperature.  The  better  the  conductor,  t})e  smaller 
was  the  difference  between  any  two  auccesFive  thermo- 
meters. The  decrement,  or  fall  of  heat,  if  I  may  use  the 
term,  from  the  hot  end  towards  the  cold,  is  greater  iu  bad 
conductors  than  in  good  ones,  and,  from  the  decrement  of 
temperature  shown  by  the  thermometers,  we  can  deduce, 
and  express  by  a  number,  the  conducti%ity  of  the  Iwu". 
This  method  was  al^o  followed  by  MM,  Wiedemann  and 
Franz,  in  a  very  important  investigation,  but,  instead  of 
using  thermometers,  they  employed  a  suitable  modifica- 
tion of  the  tbermo-pile.      Of  the  numerous  and  highlj 
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in  both  ca«es,  the  propagati* 
havo  to  deal,  the  heating  and 
upon  the  direction  of  propagation.  I  place  one  of  these 
metal  cylinders,  which  b<i8  been  purpoeely  cooled,  on  the 
face  of  our  pile ;  a  violent  dt* Section  follows,  declaring 
the  instrument  to  be  chilled.  Arc  we  to  suppose  cold  to 
be  an  entity  communicated  to  the  pile  ?  No.  The  pile 
here  is  the  warm  body  ;  its  molecular  motion  is  in  excess 
of  that  possessed  by  the  cylinder;  and  when  both  come 
into  contact,  the  pile  imparts  a  quantity  of  ito  motion  to 
the  cylinder,  and,  by  its  own  bounty,  becomes  im- 
poverished ;  it  chills  itself,  and  generates  the  current. 

Substituting  for  the  cold  metal  cylinder  a  wooden 
cylinder  of  the  same  temperature,  the  chill  is  very  feeble, 
and  the  con^quent  deflection  very  small.  Why  does 
nob  the  cold  wood  produce  an  action  equal  to  that  of 
the  cold  metal  ?  Simply,  because  the  heat  communi- 
cated to  it  by  the  pile  is  accumulated  at  il8  under 
surface;  it  cannot  escape  through  the  bad  conducting 
wood  as  it  escapes  through  the  metal,  and  thtbi  the 
quantity  of  heat  withdrawn  from  the  pile  by  the  wood, 
lA  less  than  that  withdrawn  by  the  metal.  A  similar 
effect  is  produced  when  the  human  nerves  are  substituted 
for  the  pile.  When  you  come  into  a  cold  room,  and  lay 
your  hand  upon  the  6re-irons,  the  chimney-piece,  the 
chairs,  and  the  carpet,  in  succession,  they  appear  to  be  of 
different  temperatures  ;  the  iron  chills  you  more  than  the 
marble,  the  marble  more  than  tlie  wood,  and  so  on. 
Your  hand  is  affected  exactly  ns  the  pile  was  affected  in 
the  last  experiment.  It  is  needless  to  say  that  the  reverse 
takes  place  when  you  enter  a  hot  room.  Too  would 
certainly  suffer,  if  you  lay  down  upon  a  plate  of  metal 
in  a  Turkish  bath ;  but  you  do  not  suffer  when  you  lie 
down  on  a  bench  of  wood.  By  preserving  the  body  from 
contact  with  good  conductors,  very  high  temperatnres  mny 
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be  endured.  Eggs  may  be  boiled,  aod  beefhU^s  cooked, 
by  tbe  beat  of  an  apartment,  in  which  the  bodies  of  living 
men  sustain  no  injury. 

The  philosophy  of  thia  hat  experiment  is  worthy 
of  a  momeut*8  consideration.  With  it  the  names  of 
Blagden  and  Chantrey  are  associated,  those  eminent  men 
I  having  exposed  themselves  in  ovens  to  temperatures  con- 
siderably higher  than  that  of  boiling  water.  Let  us  com- 
pare the  condition  of  the  two  livin^r  human  beings  with 
that  of  two  marble  statues,  placed  in  the  same  oven. 
ITie  statues  become  gradvially  hotter,  until  finally  they 
assume  the  temperature  of  the  air  of  the  oven  ;  the  two 
men,  under  the  same  circumstances,  do  not  similarly  rise 
in  temperature.  If  they  did,  the  tissues  of  the  body  would 
be  infallibly  destroyed,  the  temperature  endured  being 
more  tlian  sufficient  to  stew  the  muscles  in  their  own 
liquids.  Here  the  excess  of  heat,  instead  of  being  applied 
to  increase  the  temperature  of  the  Tiody,  U  applied  to 
change  its  aggregation  ;  the  heat  prepares  the  perspiration, 
forces  it  through  the  pores,  and  vaporises  it.  l^leat  is  thus 
consumed  in  work.  This  is  the  waste-pipe,  if  t  may  use 
the  term,  through  which  the  excess  overflows.  Some 
people  have  professed  to  see,  in  this  power  of  the  living 
body  to  resist  a  high  temperature,  a  conservative  action, 
jieculiar  to  the  vital  force.  No  doubt,  all  the  actions 
of  the  animal  organism  are  connected  with  what  we  call 
its  vitality ;  but  tbe  action  here  referred  to  is  the  »ime  in 
kind  as  the  melting  of  ice,  or  the  vaporisation  of  water. 
It  consibts  simply  in  the  diversion  of  beat  from  the  pur- 
poses of  temperature  to  the  performance  of  work. 


1KFLD£NCB    OF   UOLECDLAB  STOCCTCBB. 

Thus  far,  we  have  compared  tbe  conducting  power  of 
different  bodies  together;  but  the  same  substance  may 
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pobseft8  different  powers  of  conduction  in  different  direc- 
tions. Muny  crystals  an*  so  built,  that  the  motion  of  heat 
runs  with  greater  facility  along  certain  lines  thau  along 
others.  That  heat  travels  with  greater  facility  along  the 
axis  of  rock-crystal  than  across  the  axis  has  been  proved  in 
a  very  simple  manner  by  M.  de  Senannont.  Of  these  two 
plates  of  quartz,  one  (Bg.  76)  is  cut  perpendicularly  to  the 
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axis  of  the  crystal,  and  the  other  (fig.  77)  parallel  to 
it.  The  plates  are  coated  with  a  layer  of  white  wax,  laid 
on  by  a  camers-hair  pencil.  They  are  pierced  at  the 
centre,  and  into  the  hole  is  inserted  a  small  sewing-needle, 
which  can  be  warmed  by  an  electric  current,  n  ( fig.  75)  is 
the  battery,  whence  the  current  proceeds;  c  is  a  capsule 
of  wood,  through  the  bottom  of  which  the  sewing-needle 
passes :  c2  is  a  second  capsule,  into  which  dips  the  point 
of  the  neeflle,  and  Q  is  the  perforated  plate  of  quartz. 
Each  capsule  contains  a  drop  of  mercury.  When  the  cur- 
rent passes  from  c  to  d,  the  needle  is  heated,  and  the  beat 
is  propagated  in  all  directions.  The  wax  melt4  around 
the  place  where  the  heat  is  applied,  and  on  the  plate 
which  is  cut  perpendicularly  to  the  axis  of  the  quarts. 
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the  figure  of  the  melted  wax  is  a  perfect  circle  (6g.  76). 
lu  the  other  plate  the  heat  travels  more  readily  along  the 
axis  Itmu  across  it,  and  hence  the  wax  figure  is  an  ellipse, 
instead  of  a  circle  (fig,  77).  Iceland  spar  also  conducts  bettor 
aloDg  the  crystallograpbic  axis  than  at  right  angles  to  it, 
while  a  crystal  of  tourmaline  conducts  best  at  right  angles 
to  its  axis«  The  metal  bismuth,  with  which  you  are 
already  acquainted,  cleaves  with  great  facility  in  one 
direction,  and,  aa  was  shown  by  Svanberg  and  Matteucci, 
it  conducts  both  heat  and  electricity  better  along  the 
planes  of  cleavage  than  across  tliezo. 


OOlfDCCTION  or  BKIT  BT  WOOD,   ETO. 

In  wood,  we  have  an  eminent  example  of  this  differ- 
ence of  conductivity.  Many  years  ago  MM.  do  la  I?ive 
and  Do  CandoUe  instituted  an  inquiry  into  the  conductive 
power  of  wood,'  and,  in  the  case  of  five  specimens  ex- 
amined, established  the  fact  that  the  velocity  of  trans- 
mission was  greater  along  the  fibre  than  across  it.  The 
manner  of  experiment  was  that  Us^uully  adopted  in 
inquiries  of  this  nature,  aud  which  was  applied  to  metals 
by  Despretz."  The  end  of  a  bar  of  the  Rubetance  was 
brought  iuto  contact  with  a  source  of  heat,  aud  allowed 
to  remain  there  until  a  state  of  equilibrium  was  assimied. 
The  temperatures  attained  by  the  bar,  at  v:irlous  distancet 
from  its  heated  end,  were  ascertained  by  means  of  thermo- 
meters fitting  into  cavities  made  to  receive  them  ;  from 
these  data,  with  the  aid  of  a  wcU-known  formula,  the  con- 
FLduotivity  of  the  wood  was  determined. 

To  determine  the  velocity  of  calorific  transmission,  in 
different  directions,  through  wood,  the  instrument  shown 
in  fig.  78  was  devised,  some  years  ago,  by  myself.    Q  q',  B  B^ 

■  MAtn.  de  lii  8oc.  de  Genbre,  tuI.  it.  p.  7". 

■  AanalM  d«  Cliim.  at  de  Fhji.,  Deecinb«r  1827. 
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is  an  oblong  piece  of  mahogany,  a  ia  a  bar  of  antimony, 
B  is  a  bar  of  bismuth.  The  touching  ends  of  the  two  bars 
are  kept  in  close  coutact  by  tho  ivory  jaws  i  i',  the 
other  ends  being  let  into  a  second  piece  of  ivory,  in  which 
they  are  firmly  fixed.  From  these  ends  proceed  two  pieces 
of  platiniun  wire  to  the  little  ivory  cups  m  m,  communi- 
cating with  drops  of  mercury  placed  in  the  cups.  Two 
small  projections  are  observed  in  the  figure,  jutting  from 
1 1 ;  from  one  projection  to  the  other,  a  fine  mem- 
brane is  stretched,  thtta  ioclosing  a  little  chamber  tn,  in 
front  of  the  wedge-like  end  of  the  bismuth  and  antimony 
pair ;  the  chamber  has  an  ivory  bottom,  s  is  a  wooden 
slider,  which,  by  means  of  the  lever  l,  can  be  moved 
smoothly  backward  and  forward  along  a  bevelled  groove. 
This  lever  turns  on  a  pivot  at  q,  and  fits  into  a  bnrisoutal 
slit  in  the  slider,  to  which  it  is  attached  by  the  pin  p' 
^passing  through  both.  In  the  lever  an  oblong  aperture  is 
cut,  through  which  -p'  passes,  and  in  which  it  has  a  certain 
amount  of  lateral  play,  so  as  to  enable  it  to  push  the  slider 
forward  in  a  straight  line.  Two  projections  are  seen  at  the 
end  of  the  slider,  across  which  a  thin  membrane  is 
'  stretched ;  a  chamber  m*  is  thus  formed,  with  three  aides 
and  a  floor  of  wood,  and  bounded  in  front  by  the  mem- 
brane. A  thin  platinum  wire,  bent  up  and  down  several 
times,  so  OS  to  form  a  kind  of  grating,  is  laid  against  the 
back  of  the  chamber  m',  and  imbedded  in  the  end  of  the 
slider  by  the  stroke  of  a  hammer.  The  end  is  filed  down, 
until  about  half  the  wire  is  removed,  and  the  whole 
xeduoed  to  a  imiform  Hut  surface.  Against  the  oommon 
surfzLce  of  the  slider  aud  wire,  an  extremely  thin  plate 
of  mica  is  glued,  sufficient,  simply,  to  interrupt  all 
contact  between  the  bent  wire  and  a  drop  of  mercury, 
which  the  chamber  m'  is  destined  to  contain  ;  the  ends 
w  w'  of  tlie  bent  wire  proceed  to  two  small  cisterns 
c  y,  hollowed  out  in  a  slab  of  ivory,  »nd   filled  with 
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mercury.  The  end  of  the  slider  and  iU  bent  wire  are 
fehown  in  fig.  79.  The  rectangular  space  efgk  (fig.  78) 
is  cut  quite  through  the  slab  of  mahogany,  and  a  bra&a 
plate  ifl  screwed  to  the  latter  underneath  ;  from  this  plate 
(which  is  cut  away,  as  shown  by  the  dotted  lines  in  the 
figure)  four  conical  ivory  pillars  abed  project  upwards. 
Though  appearing  to  be  upon  the  same  plane  as  the  upper 
Kurfnces  of  the  bismuth  and  antimony  bars,  the  points  of 
the  pillars  are  in  reality  0*3  of  an  inch  Iwlow  the  said 
surfaces. 

The  small  cube  to  be  examined  is  placed,  by  means 
of  a  pair  of  pliers,  upon  the  four  supports  abed;  the 
slider  a  is  Uien  drawn  up  against  the  cube,  which  is 
firmly  clasped  between  the  projections  of  the  piece  of  ivory 
1 1'  on  the  one  side,  and  those  of  the  slider  s  on  the  other. 
The  chambers  m  and  m'  being  filled  with  mercury,  the 
membrane  in  front  of  each  is  pressed  gently  against  the 
cube  by  the  interior  fluid  mass,  and,  in  thia  way,  a  uniform 
contact,  which  is  absolutely  es^ntia],  is  secured. 

The  problem  now  is  to  apply  a  source  of  heat,  of  a 
strictly  measurable  character,  and  always  readily  attain- 
able,  to  the  face  of  the  cule  in  contact  with  the  mem- 
brane m'  at  tbe  end  of  the  slider,  and  to  determine  what 
quantity  of  this  heat  crosses  the  cube  to  the  opposite 
face,  during  a  minute  of  time. 

To  obtain  a  source  of  heat  the  fctllowing  method  wns 
adopted :  B  is  a  small  galvanic  battery,  from  which  a 
current  proceeds  to  the  tangent  compass  T;  passes  round 
the  ring  of  the  instrument,  deflecting  in  its  passage  the 
magnetic  needle*  which  hangs  in  the  centre  of  the  ring. 
From  T  the  current  proceeds  to  the  rheostat  a.  This  in- 
Btrument  consists  of  a  cylinder  of  serpentine  stone,  round 
which  a  German-silver  wire  is  coiled  spirally;  by  turning 
the  handle  of  the  instrument,  any  required  quantity  of 
this  powerfully  resisting  wire  is  thrown  into  the  circuit. 
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tlie  current  being  thus  regulated  at  pleasure.  The  sole 
use  of  these  Uat  two  instrmnenta,  in  the  present  series  of 
experiments,  is  to  keep  the  current  constant  from  day  to 
day.  From  the  rheostat  the  current  proceeds  to  tJie 
cistern  c,  thence  through  the  bent  wire,  and  back  to  the 
cistern  c\  from  which  it  proceeds  to  the  other  pole  of  the 
battery. 

The  bent  wire,  during  the  passage  of  the  current, 
is  gently  heated  ;  the  heat  is  transmitted  through  the 
mercury  in  the  chamber  m'  to  the  membrane  in  front  of 
the  chamber ;  thia  membrane  becomes  the  proximate  source 
of  heat  applied  to  the  cube.  The  quantity  of  heat  trans- 
mitted from  this  sourcj^,  through  the  mass  of  the  cube,  t*) 
the  opposite  face,  in  any  given  time,  is  estimated  from 
the  deflection  which  it  is  able  to  produce  upon  the  needle 
of  a  galvanometer,  connected  with  t!ie  bismuth  and  anti- 
mony pair,  a  is  the  galvanometer,  from  which  wires 
proceed  to  the  mercury  cups  u  M. 

The  action  of  mercury  upon  bismuth,  as  a  solvent, 
is  well  known ;  an  amalgam  is  speedily  formed  when  the 
two  metals  coroe  into  contact.  To  preserve  the  thermo- 
electric couple  from  this  action,  their  ends  are  protected 
by  a  sheathing  of  the  same  membrane  as  that  used  in  front 
of  the  chambers  m  m'. 

Pressed  by  the  mercury,  the  two  membranes  in  front 
of  m  and  ftx'  bulge  out  a  little,  thus  forming  a  pair  of  suit 
and  slightly  convex  cushions.  When  the  cul)e  is  placed  on 
its  supports,  and  the  slider  is  brought  up  against  it,  both 
cushions  are  pressed  flat,  and  thus  the  contact  is  made  per- 
fect. The  cube  is  always  firmly  caught  between  the  opposed 
rigid  projections,  the  slider  buing  held  fast  in  this  position  by 
means  of  the  spring  r,  which  is  then  attached  to  the  pin  J7. 
The  mode  of  experiment  is  this :  Having  first  set^n  that 
the  needle  of  the  galvanometer  points  to  zero  when  the 
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thermo-circuit  is  complete,  the  latter  is  interrupted  by 
mcttus  of  the  break-circiiit  key  if.  At  a  certain  moment, 
marked  by  the  second  hand  of  a  watch,  the  voltaic  circuit 
ia  closed  by  the  key  kf  and  the  current  is  permitted  to 
circulate  for  sixty  seconds ;  at  the  sixtieth  second  the 
voltaic  circuit  is  broken,  by  the  left  hand  at  k,  while, 
at  the  same  instant,  the  thermo-electric  circuit  is  closed 
by  the  right  hand  at  if-  The  needle  of  the  galvanometer 
is  instantly  deflected,  and  the  limit  of  the  first  impulsion 
is  noted.  The  amount  of  this  impulgii>n  depends,  of 
course,  upon  the  quantity  of  heat  which  has  reached  the 
bismuth  and  antimony  junction,  through  the  tiiaas  of  the 
cube,  during  the  time  of  action.  The  cube  being  removed 
the  instrument  is  allowed  to  cool,  until  the  needle  of  the 
galvanometer  returns  again  to  zero. 

Judging  from  the  description,  the  mode  of  working 
may  appear  complicated,  but,  in  reality,  it  is  not  so. 
A  single  experimenter  has  the  most  complete  command 
over  the  entire  arrangement*  The  wires  from  the  small 
galvanic  battery  (a  single  cell)  remain  undisturbed  from 
day  to  day ;  all  that  is  to  be  done  is  to  connect  the  Kittcry 
with  them,  and  everything  is  ready  for  experiment. 


There  are  in  wood  three  liues,  at  right  angles  to  each 
other,  which  the  mere  inspection  of  the  substance  enables 
us  to  fix  upon,  as  the  necessary  resultants  of  molecular 
action :  the  first  line  is  parallel  to  the  fibre ;  the  second 
is  perpendicular  to  it,  and  to  the  ligneous  layers  which 
indicate  the  annual  growth  of  the  tree ;  while  the  third 
is  perpendicular  to  the  fibre,  and  parallel,  or  rather  tan- 
gential, to  the  layers.  From  each  of  a  number  of  trees 
a  cube  was  cut,  two  of  the  fcices  being  parallel  to  the 
ligneous  layers,  two  perpendicular  to  them,  while  the 
remaining  two  were  perpendicular  to  the  fibre.     It  was 
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proposed  to  cixamine  the  velocity  of  calorific  trans mlBsioD 
through  the  wood,  in  these  three  directioos.  It  may  be 
remarked,  that  the  wood  was  iu  all  cases  veil-seasoned  and 
dry. 

The  cube,  each  edge  of  which  was  0*3  of  an  inchj 
was  fir&t  placed  upon  its  four  supports  abcd^  so  that  the 
line  of  flux  from  m'  to  m  was  parallel  to  the  fibre,  and 
the  deflection  produced  by  the  heat  transmitted  in  sixty 
seconds,  was  observed.  The  cube  was  tben  placed  with 
its  fibre  vertical,  the  line  of  flux  from  m'  to  m  being 
perpendicular  to  the  fibre,  and  parallel  to  the  ligneous 
layers;  the  deflection  produced  by  a  minutc^s  action,  in 
this  case,  was  also  determined.  Fiually,  the  cube  was 
turned  90°  round,  its  fibre  being  still  vertical,  so  that  the 
line  of  flux  was  perpendicular  to  both  fibre  and  layers, 
and  the  consequent  deflection  was  observed.  In  the  com- 
parison of  these  two  latter  directions,  the  chief  delicacy 
of  manipulation  is  necessary,  Jt  requires  but  a  rough 
experiment,  to  demonstrate  the  superior  velocity  of 
propagation  along  the  fibre;  but  the  velocities  in  all 
directions  pexpendicular  to  the  fibre  are  so  nearly  equal, 
that  it  is  only  by  great  care,  and,  in  the  majority  of  cases 
by  numerous  experiments,  that  a  difference  of  action  can 
be  securely  established. 

The  following  table  contains  some  of  the  resulta  of  the 
inquiry  :  it  will  explain  itself: 


■& 
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1          DacrtpUoo  of  wood 

DBTLSCTuan 

L 

Fanuidto 
flbn 

n. 

PupBkiUmlar 
toSbnaad 

paialMto 

m. 

Pamodicalar 
to  Bin  aij'l  to 
UffneoMlaywi 

1   American  birch 

o 
34 

o 
90 

no 

2  Oak       . 

34 

9-6 

no 

8  TU^teh    .... 

33 

8R 

loa 

4  Coroinandol-vt>od  . 

S3 

0-8 

123 

6  Bird'a-ejre  mftpLo    . 

31 

ll-O 

120 

6  Luiofr-wood  . 

SI 

10-6 

121 

7  Box-wood      . 

31 

99 

12-0 

S  Teak-vood     . 

31 

9-9 

12  4 

0  I{oH-woud     .         .         . 

31 

10  4 

12-6 

10  PervviaD-wood 

3U 

107 

11-7 

11  Oreiit-hourt  . 

21) 

11-4 

12* 

13  WalnuL 

28 

II-O 

13-0 

1 3    I>TV(>piDg  Bjil              .            ■ 

2» 

11  0 

12  0 

14  Coflott-wood   . 

28 

11-9 

186 

1 6  SaDdal-wood  .         .        . 

28 

10-0 

117 

l(t  Tnlip-irood    . 

28 

310 

12-1 

17  Camphor- wood       .        . 

28 

6-6 

10  0 

IS  Olive-tm      , 

36 

10  5 

182 

19  Ash        .... 

27 

9-S 

IV6 

20  Black  oak       . 

27 

80 

8-4 

21   Apple-trM      . 

28 

100 

13-6 

2'i  IroD-vood      .        .        . 

26 

10-3 

12-4 

25  ChMUlUt 

80 

101 

11-6 

2i  Sjrcamore 

sa 

106 

12-2 

%&  Hondaras  maliogany 

25 

9-0 

10-0 

26  Brasil-wood  . 

2d 

11^ 

13-9 

27  Yow      .... 

24 

no 

120 

28  Elm      .... 

24 

10-0 

11  A 

29  Pbme-tree      . 

24 

100 

12-0 

30  Portugal  Unrel       .        . 

24 

10-0 

11  6 

31  S|«nifth  mahognny 

L'3 

11-6 

12-6 

S2  8cDt«h  flr       .         .        . 

22 

lo-u 

ISO 

b 

The  results  of  Be  la  Rive  aud  De  Candolle,  regarding 

■            the  superior  conductivity  of  the  wood  in  the  direction  of        1 

1            the  fibre,  are  here  corroborated.    Evidence  is  also  afforded,        1 

I           as  to  how  little  mere  density  affects  the  velocity  of  tranEK        1 

1            mission,     l^ere  appears  to  be  neither  law  nor  general  rule        1 

1           hnre.  American  birch,  a  comparatively  light  wood,  posseases,       1 

tECT.   n. 


WOOD  THERMALLT  TRIAXIAL. 


uodouliUHUy,  a  higher  traDsmissivc  power  thau  any  other 
in  tlie  list.  Iron-wood,  on  the  contrary,  with  a  specific 
gravity  of  1*426,  stands  low.  Again,  oak  and  Coromandel- 
wood — the  latter  so  bard  and  dense,  thai  it  is  used  for 
sharp  war-instruments  by  savage  tribes — stand  near  the 
liead  of  the  list,  while  Scotch  fir  and  other  light  woods 
stand  low. 

If  we  cast  our  eyes  along  the  second  and  third  columns  of 
the  table,  we  shall  find  tbat»  in  every  instance.,  the  velocity 
of  propagation  is  greatest  in  a  direction  perpendicular  to 
the  ligneous  layers.  The  law  of  molecular  action,  as 
regards  the  transmission  of  heat  through  wood,  may  there- 
fore be  expressed  as  follows  : 

At  all  points,  not  situate  in  ih^  centre  of  the  tree, 
wood  p088e»»ee  three  unequal  axes  of  cctlorijic  conductuni, 
which  are  at  right  angles  to  ea<^  other*  Th«  first  aiid 
jiTvncipal  axis  is  parallel  to  the  fibre  of  the  wood  ;  the 
second  and  intermediate  aads  is  perpendicular  to  tfie 
fibre,  a7id  to  the  ligneous  layers;  white  the  third  and 
least  aans  is  perp&ndioular  to  the  fibre,  and  parallel  to 
the  layers, 

•  MM.  De  la  Rive  and  De  CandoUe  have  remarked  upon 
the  influence  which  its  feeble  conducting  power  in  a 
lateral  direction  must  exert,  in  preserving  within  a  tree 
the  warmth  which  it  acquires  from  the  soil.  But  Nature 
has  gone  farther,  and  clothes  the  tree  with  a  slieathing  of 
worse-conducting  material  than  the  wood  itself,  even  in 
its  worst  direction.  The  following  are  the  deflections, 
obtained  by  sabmitting  a  number  of  cubes  of  bark,  of  the 
same  size  as  the  cubes  of  wood,  to  the  same  conditions  of 
experiment : 


Beecb-ti«6  bftric 
Oik-tne  Iwlc  , 
Ehn-tnobufc  . 
Fina-tne  faufc  . 


DdkcUoa 

pnducod  bj  tlie  wood 

.     7* 

108" 

.    T 

11-0 

.    7 

ll'f 

.    7 

la^ 

£64 
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The  direction  of  transmission,  in  these  casus,  wat$  from 
the  interior  surface  of  the  bark  outwards. 

The  average  deflection,  produced  by  a  cube  of  wood, 
when  the  flux  is  lateral,  may  be  taken  at 

12*; 
a  cube  of  rock-crystal  of  the  same  size,  produces  a  deflec- 
tion of 

90'. 

There  are  the  strongest  experimental  grounds  for 
believing  that  rock-crystal  possesses  a  higher  conductive 
power  than  some  of  the  metals. 

The  following  ntimbers  express  the  transmissive  power 
of  a  few  other  organic  structures: 


TooUiofvaliw        .        .        .        . 

.    M 

Tiuk  of  Enst-IndJaa  elephant  . 

-    17 

9 

Rhiooocrofl  hora       .... 

.      0 

9 

The  point  is  capable  of  still  further  iUnatration. 
Each  of  the  substances  mentioned  in  the  following  table 
being  reduced  to  the  cubical  form,  was  submitted  to  an 
examination,  similar  in  every  respect  to  that  of  wood 
and  quartz.  While,  however,  a  cube  of  the  latter  sub- 
stance produces,  as  above  stated,  a  deflection  of  90",  a 
cube  of 


Se&liDg-wax  produce*  a  deflection  of  . 

SdelMthar 

Bee«*-vsz  ...... 

Olns 

Qntta-pcrcha  .  •  ■  •  . 
IndiA-mbber  .  •  ■  .  . 
Filbort-ki?7nal  .  ■  ■  •  • 
AlmoDd-kernel  .  .  ,  •  , 
Boiled  Umn-mufclo  .  •  ,  , 
Raw  T0Al-TnQ5el«         •        .         .         . 


0» 

0 
0 


The  substances  here  named  are  animal  and  vegetable 
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productions ;  and  the  experiments  demonstrate  the  ex- 
treme impervioiisnoss  of  every  one  of  them.  Starting 
from  the  principle,  that  sudden  accessions  or  deprivations 
of  heat  are  prejudicial  to  animal  and  vegetable  health,  we 
eee  that  the  materials  chosen  are  precisely  those  best  cal- 
culated to  avert  such  changes. 


I  wish  now  to  direct  your  attention  io  what  may,  at 
first  sight,  appear  a  paradoxical  experiment.  Placini^  a 
short  prism  of  bismuth,  and  a  similar  one  of  iron,  on  the 
lid  of  a  vessel  containing  hot  water,  the  motion  of  heat 
propagates  itself  through  both.  The  upper  surface  of 
each  prism  is  coated  with  white  wax,  and  you  are  to 
observe  the  melting  of  the  wax.  It  is  already  beginning 
to  yield,  but  on  which  ?  On  the  bismuth.  How  is  this 
!  result  to  be  reconciled  with  the  (act,  stated  in  our  table, 
that,  the  conductirity  of  iron  being  1 2,  that  of  bismuth  ia 
only  2  ?  In  this  experiment,  the  bismuth  ceems  to  be 
the  best  conductor.  We  solve  this  enigma  by  turning 
to  our  table  at  page  184,  where  we  find  that,  the  specific 
heat  of  iron  being  0*1138,  that  of  bismuth  is  only  0-0308. 
To  rise,  therefore,  a  certain  ntmiber  of  degrees  in  tempera- 
ture, iron  requires  more  than  three  times  the  absolute 
quantity  of  heat  required  by  bismuth.  Thns,  though  the 
iron  is  really  a  much  better  conductor  than  the  bismuth, 
and  is  at  this  moment  accepting,  in  every  unit  of  time,  a 
much  greater  amount  of  heat  than  the  bismuth,  still,  in 
eontequenoe  of  the  number  of  its  atoms,  or  the  magnitude 
of  its  interior  work,  the  augmentation  of  temperature  in 
its  case  is  slow.  Bismuth,  on  the  contrary,  can  imme- 
diately devote  a  largo  proportion  of  the  heat  imparted  to 
it,  to  the  augmentation  of  temperature;  aud  thus  it 
apparently  outstrips  the  iron,  in  the  transmission  of  that 
motion  to  which  temperature  is  due. 
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You  see  here,  very  plainly,  the  incorrectneas  of  the 
BtatemenU  sometimes  made  in  bookB,  and  frequently 
also  by  candidatea  in  our  science  examinations,  regarding 
the  experiment  of  Ingenhausz,  ab-eady  referred  to*  It  is 
usually  stated,  that  the  gi-eater  the  quicknesa  with  which 
.  the  wax  melts,  the  better  is  the  conductor.  If  the  bad 
conductor  and  the  good  conductor  have  the  *«me  specific 
heat,  this  is  true ;  but  in  other  cases,  as  proved  by  our 
last  experiment,  it  may  be  entirely  incorrect.  The  proper 
way  of  proceeding,  aa  already  indicated,  is  to  wait  until 
both  the  irou  and  the  bismuth  have  attained  a  constant 
temperature^ — till  each  of  them,  in  fact,  has  accepted,  and 
is  transmitting,  all  the  thermal  motion  which  it  can 
accept,  or  transmit ;  when  this  is  done,  it  is  found  that 
the  quantity  transmitted  by  the  iron  is  six  times  groatevj 
than  that  transmitted  }iy  the  bismuth. 

These  considerations   also  show   that  in  our  experi- 
ments OQ  wood  the  quantity  of  beat  transmitted  by  our 
cube  in  one  minute's  time,  cannot,  in  strictnees,  be  re- 
garded as  the  expression  of  the  conductivity  of  the  wood^- 
unless  the  speciBo  heat  of  the  various  woods  be  the  samew. 
On  this  point,  no  experimenta  have  been  made.     But,  as 
regards  the  influence  of  molecular  structure,  the  experi". 
ments  hold  good,  for  here  we  compare  one  direction  withi 
another,  in  the  aa/ms  cube.     With   respect  to  oiganio 
structures,  I  may  add  that,  even  allowing  them  time  toj 
accept  all  the  motion  which  they  are  capable  of  accepting  - 
from  a  source  of  heat,  their  power  of  transmitting  that 
motion   is  exceedingly   low.     They   are   mally  bad  con- 
ductors. 


WXnMTH    OF   CLOTHES, 


It   is    the    imperfect  conductivity  of  woollen    tex- 
t\ires  which  renders  them  so  eminently  fit  for  clothing* 
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They  preserve  the  body  from  sudden  accesaioaB,  and  from 
audden  losses,  of  heat.  The  same  quality  of  non-condua- 
tivity  manifests  itaelf^  wheu  we  wrap  flannel  round  a 
block  of  ice.  The  ice  thus  preserved  is  not  easily  melted- 
In  the  case  of  the  human  body,  on  n  cold  day,  the  woollen 
olothing  prevents  the  transiuission  of  motion  from  within 
outwards.  In  the  case  of  the  ice,  on  a  warm  day,  the 
self-same  fabric  prevents  tlie  tmnsmission  of  motion  from 
without  inwards.  Animals  which  inhabit  cold  climates 
are  furnished  by  Nature  with  their  necettsary  clothing. 
Birds,  especially,  need  this  protection,  for  they  are  still 
more  warm-blooded  than  the  mammalia.  They  are  fur- 
nished with  feathers,  and  between  the  feathers  the  inter- 
stices are  filled  with  down,  the  molecular  conatilution  and 
mechanical  texture  of  which  render  it,  perhaps,  the  worst 
of  all  conductors.  Ifere  we  have  another  example  of 
that  harmonious  relation  of  life  to  the  conditions  of  life, 
which  is  incessantly  presented  to  the  student  of  natural 
science. 

The  indefatigable  Ilumford  made  an  elaborate 
series  of  experiments,  on  the  conductivity  of  the  subatanoes 
used  In  clothing.'  His  method  was  tliis:  A  mercurial 
thermometer  was  fixed  in  the  axis  of  a  gloss  tube,  ending 
in  a  globe,  so  that  the  bulb  of  the  thermometer  occupied 
the  centre  of  the  globe :  the  space  between  j^lobe  and  bulb 
was  filled  with  the  substance  whose  conductive  power  whs 
to  1)6  determined ;  the  instrument  was  then  heated  to  the 
temperature  of  boiling  water,  and  afterwards  plimged  into 
a  freezing  mixture  uf  pounded  ice  and  salt,  the  times  of 
cooling  down  135*  Kahr.  being  noted.  They  are  recorded 
in  the  following  table : 


«  Phil.  Trmne.  1 783,  p.  48. 
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SuiKiudBS  wwi  BhbbA 

Twut«d«Uk 917 

FiiwUnt lots 

Cottoovool 1046 

Ootp'ivdoI ins 

IWOky 1169 

BsT  siQc 1304 

BcttTcri  far 12M 

Eider  dovn  ......  1306 

fivM'for ni2 

Wood  uhes P27 

Claraal       ......      987 

luBpbUck 1117 

Among  the  subetances  here  examined,  barest  fiir 
offered  the  greatest  impediment  to  the  tnosmission  of 
the  heat. 

The  transmisBion  of  beat  is  powerfully  ioBuenocd 
by  the  mecbanical  state  of  the  body  through  which  it 
pUKS.  The  raw  and  twjftted  silk  of  Rumford*8  table 
iUustrate  this.  Pure  eilica,  in  the  state  of  hard  rock- 
crystal,  IB  a  better  conductor  than  bismuth  or  lead ;  but 
If  the  crystal  be  reduced  to  powder,  the  propagation  of 
beat  ifl  exceedingly  slow.  Through  transparent  rock-salt 
heat  is  copiouftly  conducted,  through  common  table-salt 
very  feebly.  AHbestos  is  composed  of  certain  silicates  in 
a  fibrous  condition ;  I  place  some  asbestos  on  my  band,  and 
on  it  a  red-hot  iron  ball.  The  ball  can  be  thus  held 
without  inconvenience.  That  the  division  of  the  gub- 
Btance  should  interfere  with  the  transmission  might  reason- 
ably be  inferred  ;  for,  heat  being  motion,  anything  which 
disturbs  the  continuity  of  the  molecular  chain,  along 
which  the  motion  is  conveyed,  must  affect  the  trans- 
mi.ssion.  In  the  cose  of  the  asbestos,  the  fibres  are 
separated  from  each  other  by  spaces  of  air ;  the  motion 
has  to  pass  from  solid  to  air,  and  from  air  to  solid.  It  is 
easy  to  see,  that  the  transmission  of  vibratory  motion 
through  this  composite  texture  must  be  very  imperfect. 
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Id  the  case  of  an  animal's  fur,  this  is  more  especially  the 
case ;  for  here,  not  only  do  spaces  of  air  intervene  between 
the  hairs,  but  the  hairs  themselves,  unlike  the  fibres  of  the 

lasbestos,  are  very  bad  conductors.  Lara  has  been  known 
to  Sow  over  a  layer  of  ashes,  underneath  which  was  a  bed 
of  ice,  the  non-conductivity  of  the  ashes  saving  the  ice 
firom  fusion.  Red-hot  cannon-balls  have  been  wheeled 
to  the  giin*s  mouth  in  wooden  barrows  partially  filletl 
with  sand.  Ice  is  packed  in  sawdust,  to  prevent  it  from 
melting;  powdered   charcoal    is   also   an    eminently   bad 

I  conductor.  But  there  are  cases  where  sawdust,  chaff, 
and  charcoal,  could  not  be  used  with  safety,  on  account  of 
their  combustible  nature.  In  such  cases,  powdered  gyp- 
sum  may  be  used  with  advantage.  In  the  solid  crystalline 
state,  it  is  an  incomparably  worse  conductor  than  silica,  and 
it  may  be  safely  inferred,  that,  in  the  powdered  state,  its 
imperviousness  far  transcends  that  of  sanrl,  each  grain  of 
which  is  a  good  conductor.  A  jacket  of  gypsum  powder, 
round  a  steam  boiler,  would  materially  lessen  its  loss  of 
heat. 

In  percolating  through  the  earth,  water  dissolves  more 
or  less  of  the  substances  with  which  it  comes  into  contact. 
For  example,  in  chalk  districts,  the  water  always  contains 
a  quantity  of  carbonate  of  lime ;  such  water  is  called  hard 
vj<iter.     Sulphate  of  lime  is  also  a  commoa  iugredient  of 

^irater.  In  evaporating,  the  water  only  is  driven  off, 
the  mineral  is  left  behind,  often  in  quantities  too  great 
to  be  held  in  solution.  Many  springs  are  strongly  im- 
pregnated with  carbonate  of  lime,  and  the  consequence 
is,  that  when  the  waters  of  such  springs  reach  the  surface, 
and  are  exposed  to  the  air,  where  they  can  partially 
evaporate,  the  mineral  is  precipitated,  and  forms  incrusta^ 
tions  on  the  surfaces  of  plants  and  stones,  over  which  the 
water  trickles.  When  water  boils,  the  minerals  are  al»o, 
in  great  part,  precipitated,  and  there  is  scarcely  a  kettle 
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in  LoDiiuD,  which  is  nut  internally  coated  with  a  mincra] 
incruetation.  This  is  an  extremely  serious  difficulty,  as 
regards  vte&m  boilers  ;  the  crust  is  a  liad  conductor,  and 
it  may  become  so  thick,  as  materially  to  intercept  the 
passage  of  heat  to  the  water.  Before  you  is  a  portion  of 
a  boiler  belonging  to  a  eteamer,  which  was  all  but  lost 
through  the  exhaustion  of  her  fuel;  to  bring  this  Tesse^i 
into  port,  not  only  her  coals,  but  her  spars,  and  every 
other  piece  of  available  wood,  were  burnt ;  the  cause  being 
this  formidable  incrustation,  mainly  carbonate  of  lime, 
which  by  its  non-conducting  power  rendered  a  prodigal 
expenditure  of  fuel  necessary.  Doubtless,  the  slowness  of  1 
many  kettles  in  boiling  would  be  found  due  to  a  similar 
cause. 

One  or  two  instances  of  the  action  of  good  conductors, ' 
in  preventing  the  local  accumulation  of  heat,  will  not  be 
out  of  place  here.  These  two  spheres  are  of  the  same  size, 
and  are  both  covered  closely  with  white  paper.  One  of 
them  is  copper,  the  other  is  wood.  I  place  a  ppirit-lamp 
undomeath  each  of  them.  The  motion  of  heat,  of  course, 
communicates  itself  to  each  ball,  hut  in  one,  it  is  quickly 
conducted  away  from  the  place  of  contact  with  the  flame, 
through  the  entire  mass  of  the  ball ;  in  the  other,  this 
quick  conduction  does  not  take  place,  the  motion  therefore 
accumulates  at  the  point  where  the  flame  plays  upon  the 
hall ;  and  here  you  have  the  result.  On  turning  up  the  , 
wooden  ball,  the  white  paper  is  seen  to  be  charred ;  the 
other  ball,  so  far  &om  being  charred,  is  wet  at  its  under 
Bxirface  by  the  condensation  of  the  aqueous  vapour  g(V 
nerated  by  the  lamp.  Here  is  a  cylinder  covered  closely 
with  paper ;  I  hold  its  centre,  thus,  over  the  lamp,  turning 
it  so  that  the  Same  shall  play  all  round  the  cylinder : 
you  see  a  well-defined  mark,  on  one  aide  of  which  the 
paper  is  charred, 'On  the  other  side  not.  The  cylinder  is 
half  bmsa  and  half  wood,  and  this  mark  shows  theii 
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line  of  junction.  Where  the  paper  covers  the  wood,  it  is 
charred ;  where  it  corers  the  brass,  it  ia  not  sensibly 
aifected. 


THB   SATETT   LAMP. 

The  withdrawal  of  heat  by  a  good  conductor  is  strikingly 
illustrated  by  the  action  of  wire  gauze  upon  flame.  Hold- 
ing a  piece  of  such  gauze  horizontally,  1  bring  it  down 
upon  a  tall  gas-flame.  You  might  imagine  that  tho  flame 
could  readily  pass  through  the  open  meshes  of  the  gauze, 
but  not  a  flicker  passes  (tig.  80).  The  combustion  is  en- 
tirely coD6ned  to  the  space  under  the  gauze.  I  ex- 
tinguish the  flame,  and  allow  the  unignttcd  gas  to  stream 
from  the  burner.  The  wire  gauze  being  placed  above 
the  burner,  the  gas  freely  passes  through  the  meshes. 
On   igniting  the  gas  above,  we  have  the  flame,  but  it 
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does  not  propagate  Kself  downwards  to  the  burner  (fig.  81 ). 
Between  the  burner  and  the  gauze  is  a  space  of  four 
inches,  filled  with  gas  in  a  condition  eminently  favourable 
to  ignition,  but  which  does  not  ignite.  This  metallic 
gauze,  then,  which  allows  the  gas  to  pass  freely,  intercepts 
tlie  flame.  And  why?  A  certain  temperature  is  necessary 
to  cause  the  gas  to  bum ;  and  by  placing  the  wire  ganze 
over  the  flame,  or  the  flame  over  the  wire  gauze,  the 
motion  of  that  light  and  quivering  thing  is  rapidly  taken 
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up  by  the  comparatively  heavy  metal,  which  is  a  good  con- 
ductor. The  intensity  of  the  molecular  motion  ia  so  much 
lowered,  that  it  is  incompetent  to  propagate  the  combus- 
tion to  the  opposite  side  of  the  gauze.  If  the  waste  of 
motion  could  be  avoided — if  all  the  heat  communicated  to 
the  gaure  could  be  retained  by  the  gauze — it  would 
eventually  rise  to  the  temperature  of  the  flame.  The 
gau7D,  howoTor,  is  continually  wasting  ita  heat  by  radia- 
tion  and  by  contact  with  cool  air;  and  the  flame  can  heat 
it  no  farther  than  the  point  at  which  the  waste,  in  a  given 
time,  is  equal  to  the  supply. 

We  are  all,  unhappily,  too  well  acquainted  with  the 
terrible  accidents  that  occur,  through  ejcplosions  in  coal 
mines.  You  know  that  the  cause  of  these  explosions  is 
the  presence  of  a  certain  gas~a  compound  of  carbon  and 
hydrogen — generated  in  the  coal  strata.  Vilien  this  gas 
is  mixed  with  a  sufficient  quantity  of  air,  it  explodes  on 
ignition,  the  carbon  of  the  gas  uniting  with  the  oxygen  of 
the  air,  to  produce  carbonic  acid ;  the  hydrogen  of  the 
ga«  uniting  with  the  oxygen  of  the  air,  to  profluce  water. 
By  the  flame  of  the  explosion,  the  miners  are  burnt ;  by 
the  shock  they  are  killed ;  but  even  should  these  not  de- 
stroy life,  they  are  often  suffocated  by  the  carbonic  acid 
produced.  The  original  gas  is  the  miner*s  *■  fire-damp,* 
the  carbonic  acid  is  his  *  choke-damp  *  or  '  aflcr-damp.* 

Sir  Humphry  Davy,  after  having  assiu-ed  himself  of 
the  action  of  wire  gauze,  just  exhibited  before  you,  applied 
it  to  the  construction  of  a  lamp,  which  should  enable  the 
miner  to  carry  his  light  into  an  explosive  atmosphere. 
He  surroimded  a  common  oil  lamp  by  a  cylinder  of 
wire  gauee  (fig.  82).  So  long  as  this  lamp  is  fed  by  pure 
air,  the  flame  bums  with  the  ordinary  brightnesit  of  an  oil 
flame ;  but  when  the  miner  comes  into  an  atmosphere 
containing  *  fire-damp,'  his  flame  enlarges,  and  becomes 
less  luminous.    This  enlargement  of  the  flame  ought  to 
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be  taken  as  a  warning  to  retire.  Still,  though  a  contino- 
OTifl  ezplot^ive  atmoephere  extends  from  the  air  outjdde, 
through  the  meshes  of  the  gauze,  to  the  6ame  within, 
ignition  is  not  propagated  across  the  gauze.  A  defect  in 
the  gauze,  the  deatruction  of  the  wire 
at  anj  point  by  oxidation,  would  cause 
explosion.  The  rapid  motion  of  the 
lamp  through  the  air,  or  the  impact  of 
a  *  blower  *  upon  the  lamp,  might  &\ao 
force  the  flame  through  the  meshes.  In 
short,  a  certain  amount  of  intelligence 
and  caution  is  necessary  in  using  the 
lamp.  This  intelligence,  unhappily,  is 
not  always  possessed,  nor  is  this  caution 
always  exercised,  and  the  consequence 
pig,  that  even  with  the  aafety-lamp  ex- 
plosions BtiU  occur.  Before  permitting 
a  man  or  boy  to  enter  a  mine,  would 
it  Hot  be  well  to  place  these  results,  by 
experiment,  visibly  before  him  ?  Mere 
advice  will  not  enforce  caution  ;  but  let 
the  miner  have  the  physical  image  of 
what  he  is  to  expect,  clearly  and  vividly 
before  his  mind,  and  he  will  Bnd  It  a  restraining  force 
and  a  monitory  influence,  long  aller  the  effect  of  caution- 
ing words  has  passed  away. 


A  word  or  two,  now,  on  the  conductivity  of  liquids  and 

gases.      liumford   made   numerous   experiments   on   tbia 

tsiibject,  showing  at  once  clearness  of  conception  and  skill 

yt  execution.     He  supposed  liquids  to  be  non-couductors, 

rly  distinguishing  the  *  tranpport  *  of  heat,  by  convec- 
tion, from  true  conduction ;  and  in  order  to  prevent  con- 
vection in  his  liquitls,  he  heated  them  at  the  top.  In  thia 
way,  be  found  the  heat  of  a  warm  iron  cylinder  incompe- 
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tent  tu  paae  downwardB,  throagb  0*2  of  an  inch  of  olive 
oil  ;  he  also  boUed  water  in  a  glass  tul*,  over  ice,  without 
melting  the  latter  substance.  The  later  expenments  of 
M.  Deepretz  appareotly  show  that  liquids  possess  true 
tboDgh  extremc-lj  feeble,  powers  of  oondoction.  Other 
experimenters  have  brought  oonaideiable  BkiJI  to  bear 
upon  thifl  exceedingly  difficult  subject.  I  saj  difficult 
on  personal  ground?,  because  many  years  ago  I  tried 
the  subject  of  liquid  conduction,  and  experienced  its  diffi- 
culty. Professor  Guthrie  has  attacked  it  with  oonsnm- 
mate  experimental  skill.  By  means  of  an  instrument 
devised  by  himself,  and  called  a  diathermometer,  he  has 
examined  the  '  specific  thermal  resistance '  of  twenty- 
three  different  liquids.  The  diathermometer  consisted 
essentially  of  two  metal  cones,  the  one  upright,  the  other 
inverted,  between  the  horizontal  bases  of  which  was  iotro- 
diioed  a  layer  of  the  liquid  to  be  examined.  The  base  of 
the  upper  cone  constituted  the  source  of  heat,  which  was 
kept  nt  the  required  temperature  by  a  continuous  6ow  of 
warm  water  through  the  upper  cone.  The  lower  cone  was 
filled  with  air  which,  expanded  by  the  heat  transmitted  to 
it  across  the  liquid  layer,  enabled  the  lower  cone  to  play  the 
part  of  an  air  thermometer.  In  all  cases  the  circular  edj 
of  the  liquid  layer  was  free.'  Water  heads  Professor' 
Guthrie^s  list  as  the  best  conductor.  He  calls  it '  the  silver 
of  liquids.*  It  is  a  remarkable  result  that  alcohol,  which 
vo  closely  resembles  water  in  chemical  constitution,  offers, 
according  to  Guthrie,  nine  times  the  resistance  of  watf'r  to 
the  passage  of  beat. 

The  difficulty  above  referred  to  ia  illustrated  by  the  dis- 
crepancies existing  between  Professor  Guthrie  and  another 
highly  skilled  experimenter,  Professor  Beetz  of  Mimtch. 

*  The  clilll  of  Tnporimtion  from  th«  free  o<!go  ranrt.  hare  h«n>  como 
Uro  f>lny — A  difflca1>.r  which  mny  luve  prercotod  PnsfeMor  GaUui*  from 
lUAmitiing  Mbcir  uid  biiul{)lude  of  cmrbon. 
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Though  Dot  able  to  determine  with  accuracy  the  resistanoe 
of  bisulphide  of  carton,  Profe«ior  Guthrie '  scarcely  hetdtatea 
to  predict  that  it  has  a  p-cat.  perhaps  the  greatei;t,  thermal 
re«iBtance.'  Professor  Beetz,  on  the  contrary,  places  the  bi- 
sulphide at  the  bead  of  liquid  conductors.  Professor  Guthrie 
moreover  makes  water  a  twelve-times  better  conductor  than 
chloroform.  In  one  seiiea  of  experiments,  Profoasor  Bcetz 
makes  chloroform  a  distinctly  better  conductor  than  water, 
while  iu  a  second -series  of  higher  temptiratures,  he  finds 
that  water  has  a  slight,  but  only  a  slight,  advantage. 
These  and  other  discrepancies  require  explanation.  Pro- 
fessor Bcetz^s  method  of  experiment  closely  resembles  that 
of  Rumford;  still  the  distinguished  German  experimenter 
found  that  jelly-like  starch  and  pure  water,  when  the 
temperatures  are  not  high,  conduct  sensibly  alike.  This 
is  a  remarkable  result,  and  it  would  be  well  worth  while  to 
inquire  how  Kumford  reached  a  conclusion  so  entirely 
opposed  to  it. 

The  subject  of  gaseous  conduction  was  taken  up  by  the 
lute  Professor  Magnus,  and  this  distinguished  philosopher 
tliought  hiii  experiments  proved  that  hydrogen  gas  con- 
ducts heat  like  a  metal.  The  cooling  action  of  air 
by  convection  may  be  thus  illustrated.  On  sending  a 
voltaic  current  through  a  coil  of  platinum  wire,  it  glows 
bright  red.  On  stretching  out  the  coil,  so  as  to  form 
a  straight  wire,  the  glow  instantly  sinks  —  you  can 
hardly  see  it.  This  effect  is  due  to  the  freer  access  of 
the  cold  sir  to  the  stretched  wire.  Here,  again,  is  a  re- 
ceiver B  (fig.  83)  which  can  be  exhausted  at  pleasure: 
attached  to  the  bottom  is  a  vertical  metal  roil,  m  n,  and 
through  the  top  another  rod,  a  6,  passes,  which  can  be 
moved  up  and  down  through  an  air-tight  collar,  so  as 
to  bring  the  ends  of  the  two  roda  within  any  required 
distance  of  each  other.  At  present,  tlie  rods  are  united 
by  two   incbes  of  platinum  wire,  b  m,  which  may  be 
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heated  to  any  required  degree  of  intensity  by  a  voltaia 

current.  On  establisliinf^  connectioD 
with  a  small  liattery,  the  wire  is  barely 
luminous  enough  to  be  seen ;  in  &ct,  tbe 
current  from  a  single  cell  only  is  now 
sent  through  it.  It  is  surrounded  by  air, 
which  is  carrying  off  a  portion  of  ita 
heat.  Wlien  the  receiver  is  exbausted,. 
tlie  wire  glows  more  brightly  than  before. 
Allowing  air  to  re-enter — the  wire,  for  a 
time,  is  quite  quenched,  in  fact^  rendered  „ 
perfectly  black;  but  after  the  air  baa 
ceased  to  enter,  ita  first  feeble  glow  is 
restored.  The  current  of  air  here  pass-*; 
iug  over  the  wire,  and  destroying  ita 
glow,  acts  like  the  current  establiBhed 
by  the  wire  itself,  tbroii^h  beating  tlie 
air  in  contact  with  it.  The  cooling  of 
the  wire,  in  both  oases,  is  due  to  oonveo 
tion,  not  to  true  conduction. 
The  same  effect  is  obtained  in  a  greatly  increased 
degree,  if  hydrogen  be  used  instead  of  air.  We  owe  this 
interesting  observation  to  Sir  William  Grove,  and  it  formed 
the  starting-point  of  Magnuses  investigation.  The  re- 
ceiver is  now  exhausted,  the  wire  being  almost  white-hot. 
Air  cannot  do  more  than  reduce  that  wluteness  to  bright 
redness;  but  observe  what  hydrogen  can  do.  On  the 
entrance  of  this  gas,  the  wire  is  totally  quenched ;  and 
even  aft<>r  the  receiver  has  been  filled  with  the  gas,  and 
the  inward  current  has  ceased,  the  glow  of  the  wire  is 
not  restored.  The  electric  current,  now  passing  through 
the  wire,  is  from  two  celU;  I  try  three  cells,  the  wire 
glows  feebly ;  five  cause  it  to  glow  more  brightly,  but 
even  with  five,  it  is  but  a  bright  red.  Were  no  hydrogen 
thfre,  the  current  now  passing  through  the  wire  would 
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infallibly  fuse  it.  Let  us  see  whether  this  is  not  the  caae. 
On  exhausting  the  receiver  the  eOect  of  rareCiction  soon 
begiM  to  be  viaihle.  The  wire  whitens,  and  appears  to 
thicken,  until  to  those  at  a  distance  it  seems  as  thick  as 
ft  goote-quill.  And  now  it  glows,  upon  the  point  of 
ftisioD.  A  few  additional  strokes  of  the  pump  cause 
the  light  to  vanish  :  the  wire  is  fused. 

This  extraordinary  cooling  power  of  hydrogen  has  been 
usually  ascribed  to  the  mobility  of  its  particles,  which 
enables  currents  to  establish  themselves  in  this  gas,  with 
greater  facility  than  in  any  other.  But  Professor  M^^us 
conceives  the  chilling  of  the  wire  to  be  an  effect  of  con- 
duction. To  impede,  if  not  to  prevent,  the  formation  of 
currents,  he  passes  his  plutiniun  wire  along  the  axis  of  a 
narrow  glass  tube,  filled  with  hydrogen.  Although,  in  this 
case,  the  wire  is  surrounded  by  a  mere  film  of  the  gas,  and 
the  presence  of  currents,  in  the  ordinaiy  sense,  is  scarcely 
to  be  assimied,  the  film  shows  itself  just  as  competent  to 
quench  the  incandescence  as  when  the  wire  is  caused  to  pass 
through  a  large  vessel  containing  the  gas.  Professor  Magnus 
also  heated  the  closed  top  of  a  vessel,  and  found  that  the 
heat  was  conveyed  more  quickly  from  it  to  a  thermometer, 
placed  at  some  distance  below  the  top,  when  tlie  vessel 
was  611ed  with  hydrc^n,  than  when  it  whs  filled  with 
air.  He  found  this  to  be  the  case  even  when  the  vessel 
'  was  loosely  filled  with  cotton  wool  or  eider  down.  Here, 
lie  contends,  currents  could  not  be  formed  ;  the  heat  must 
be  conveyed  to  the  thermometer  by  tte  true  process  of 
conduction,  and  not  by  convection. 

Ingenious  aa  these  experiments  are,  I  do  not  think 
they  establish  the  conductivity  of  hydrogen.  Let  us 
suppose  the  wire,  in  Magnus's  first  experiment,  to  be 
stretched  along  the  axis  of  a  wide  cylinder  containing 
hydrogen,  we  should  have  convection,  in  the  ordinary 
sense,  on  beating  the   wire.     Where  does  the  heat  thus 
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diapersed  ultimately  got  It  is  manifestly  given  up  to 
the  tfidee  of  the  cylinder,  and  if  we  narrow  our  cylinder, 
we  simply  hasten  the  transfer.  The  process  of  narrowing 
may  continue,  till  a  narrow  tube  is  the  result — the  con- 
vection between  centre  and  sides  will  continue,  and  pro- 
duce substantially  the  same  cooling  effect  as  before.  The 
heat  of  the  gas  being  instantly  lowered,  by  communication 
to  the  heavy  tube,  it  is  prepared  to  re-abstract  tlie  heat 
from  the  wire.  WitJx  regard,  also,  to  the  vessel  heated 
at  the  top,  it  would  require  a  surface  mathematically 
horizontal,  and  a  perfectly  uniform  application  of  beat  to 
that  surface — it  would,  moreover,  be  necessary  to  cut  the 
heat  sharply  off,  so  as  to  prevent  the  least  propagation 
down  the  sides  of  the  vessel — to  prevent  convection. 
None  of  these  conditionn  wore  secured.  Even  in  the  in- 
terstices of  the  eider  down  and  cotton  wool,  tlie  convcctive 
mobility  of  hydrogen  will  make  itself  felt,  and,  taking 
everything  into  account,  I  think  the  experimental  question 
of  gaseous  conduction  is  still  an  open  one. 
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OOOUVa    A    LOOS     OFT    MOnOM :     to    what    U     THia    MOTtOM    lUVAKTtCD  ? — 

BEPKBtvEim  <Kf  •oaiTD  DBABiMo  ov  Tsu  QOBnioy — KCTBRiicncn  on 
nam  BKAKwa  ov  this  QUHmoH — nueoues  or  luiiwcioii  avd    um* 

DDLATIOH — UCMOTU   OF    WATKS  X:rD    HDltDIU    Or   WTUUKa  OK    UUItT^ 

FamCAi.  CACsa  or  coLoim— Drrwraui  rats  of  tsm  svtonum—TttM 

CALQRirtC    lUTS    BKTOND    TM    1UI>— THH    CBKMICAL    KATB   BHTilKD  THM 
ttum — DKFISITIOM     or    KAHLUTT    HKAT — RZPUSCTIOH   OP    liADIAVT    muT 

raoH  PLura  AKD  C1TBTXD    stmrAOs:  uws  rat  sxin    u  THon  or 

UOHT — COKJOUATa   UlSItOllS. 


EADIAKT   HEAT. 

WE  have  tbia  day  reached  the  boundary  of  cue  of  the 
two  great  diviaions  of  our  (subject.  Hitherto  wo 
have  dealt  with  heat,  while  associated  with  solid,  liquid,  or 
gaseous  bodies.  We  have  found  it  competent  to  produce 
changes  of  volume  in  all  these  bodies.  We  have  also 
observed  it  reducing  solids  to  liquids,  and  liquids  to 
vapours ;  we  have  seen  it  transmitted  through  solids,  by 
the  process  of  conduction,  and  distributiog  itself  through 
liquids  and  gases  by  the  process  of  convection.  We  have 
now  to  follow  it  into  conditions  of  existence,  different  &om 
any  which  we  have  heretofore  examined. 

This  heated  copper  ball  hangs  in  the  air;  you  see 
it  glow,  the  glow  sinks,  the  ball  becomes  obscure;  in 
popular  language,  the  ball  cools.  Bearing  in  mind  what 
has  been  said  on  the  nature  of  heat,  we  must  regard  this 
cooling  as  a  loss  of  molecxilar  motion.  But  to  be  lost  the 
motion    must  be  imparted  to  something ;  to  what   then 

is   the  molecolar  motion  of  this  ball  transferred  ?    You 
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would,  perhaps,  answer,  to  the  air;  and  tliis  is  partly  true  : 
over  the  ball  air  is  passing,  and  rising  in  a  heated  colninD, 
which  is  quite  visible  against  the  screen  when  we  allow 
the  electric  beam  to  pass  through  the  warmed  air.  But 
Dot  the  whole,  not  even  the  chief  part,  of  the  molecular 
motion  of  the  ball  is  dissipated  in  this  way.  If  the  ball 
were  placed  tn  vacuOi  it  would  still  cool.  Kumford,  of 
whom  we  have  heard  so  much,  contrived  to  hang  a 
small  tliermometer,  by  a  siuf^le  6bre  of  silk,  in  tlie  middle 
of  a  gU$»  globe,  exhausted  by  means  of  mercury  ;  and  he 
found  that  the  calorific  rays  passed  from  without,  across 
the  vacuum,  to  the  thermometer,  thus  proving  the  tran»- 
misbiou  of  the  heat  to  be  independent  of  air.  Davy,  with 
an  apparatus  here  present,  showed  that  the  beat  from  the 
carbon-points  of  the  Voltaic  arc  passes  freely  through  an 
air-pump  vacuum ;  and  we  can  repeat  his  experiment 
sultbiantially  for  ouriielves.  It  is  only  necessary  to  take 
the  receiver  alreafly  employed  (fig.  83,  p.  266),  and,  re- 
moving the  remains  of  the  platinum  wire  then  destroyed, 
attach  to  the  ends  of  the  two  rods,  b  and  m,  two  bits  of 
retort-carbon,  and  exhaust  the  receiver.  Itringing  the 
carbon-points  together,  and  sending  a  current  across  them, 
the  moment  they  are  drawn  a  little  apart,  the  electric  light 
chines  forth,  while  the  thermo-electric  pile  is  at  hand, 
ready  to  receive  a  portion  of  the  rays.  The  needle  of  the 
galvanomnler  connected  with  the  pile  at  once  flies  aside, 
and  this  has  been  accomplished  by  heat-rays  which  have 
crossed  the  air-vacuum. 

But  if  not  to  the  air,  to  what  is  the  motion  of  our 
cooling  ball  commtmicated  ?  We  must  reach  by  easy 
stages  the  answer  to  this  question.  It  was  a  very  consider- 
able step  in  science  to  obtain  a  clear  conception  of  the  way 
iu  which  sound  is  transmitted  through  air,  and  a  very 
important  cxperimeut  was  made  by  Robert  Boyle,  and 
afler  him  by   Haiiksl>ee,  when  tbey  showed  that   sound 
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couM  not  propagate  itself  through  a  vacuum.  I  wish  to 
make  maoifest  to  you  the  conveyance  of  the  vibrations  of 
Bonnd  by  the  air,  and  employ  for  the  purpose  a  flat  bell, 
turned  upside-dowOf  and  supported  by  a  stand.  When  a 
fiddle-bow  is  drawn  across  the  edge  of  the  bell  you  hear 
ita  tone;  the  bell  is  now  vibrating,  and  when  sand  is 
thrown  in  it  arranges  itself  upon  the  bottom  bo  as  to  form 
a  definite*  figure.  If  the  bell  were  filled  with  water,  we 
should  have  the  surface  fretted  with  beautiful  crispntiooB. 
I'hese  would  show  that  the  Ik*]!,  in  emitting  this  note, 
divides  it«elf  into  four  swinging  parts,  separated  fi*om 
each  other  by  lines  of  no  swinging.  When  a  sheet  of 
tracing-paper,  drawn  tightly  over  a  hoop,  so  as  to  form  a 
kind  of  fragile  dnmi,  is  passed  round  the  bell,  the  mem- 
brane bursts  into  a  rousiail  n-ar  when  brought  within  half 
au  inch  of  the  vibrating  surfjcc.  The  motion  of  the  bell, 
communicated  to  the  air,  has  been  transmitted  to  the  mem- 

:farane.and  the  latter  is  thus  converted  into  a  sonorous  body. 
The  two  plates  of  brass,  a  b  (fig.  84),  are  united 
together  by  a  metal  rod.  The  plates  liave  been  darkened 
l»y  bronzin;;,  and  on  lioth  of  thorn  is  strewn  n  qnantity  of 
fine  while  sand.  I  take  the  connecting  brusa  ro<i  by  its 
centre,  between  the  finger  and  thumb  of  my  left  hand, 
and  holding  it  upright,  draw,  with  my  right,  a  piece  of 
flannel,  over  which  a  little  powdered  resin  has  been  shaken, 
along  the  rod.     Vou   bear  the  sound  ;  but  observe  the 

I  behaviour  of  the  sand:  a  single  stroke  has  caused  it 
to  jump  into  a  series  of  sliarply  dffined  concentric  rings 
visible  to  you  all.  The  vibrations  here  imparted  to  the 
rod  have  communicated  themselves  to  both  the  (Usk<t,  and 
divided  each  of  them  into  a  aeries  of  vibnfting  segments, 

I  ■eparatcd  from  each  other  by  lines  of  no  vibration,  on 
which  the  sand  finds  i>eace. 

The  tranamiijsion  of  thcbe  vibrations,  from  the  lowef 
disk  through  the  air,  is  now  to  be  rendered  evident.     On 
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the  floor  ia  a  paper  drum,  D,  with  dork-coloured  sand 
strewn  imiformly  over  it ;  I  might  stand  on  the  table, — or 

indeed  as  high  as  the 
c^'ilini^,  and  produce  the 
effect  which  you  are  now 
to  witness.  Pointing  the 
rod  which  unites  the 
plates,  in  ttie  direction 
of  the  paper  drum,  I 
draw  the  resined  nibber 
vigoronsly  over  the  rod  : 
a  single  stroke  has  caused 
the  sand  on  the  drum  to 
spring  into  a  reticulate<i 
pattern.  A  precisely 
similar  effect  is  produced, 
by  sound,  on  the  drum 
of  the  ear ;  the  tympanic 
membrane  is  caused  to 
shiver,  like  that  drum- 
head of  paper,  and  its 
motion,  conveyed  to  the 
auditory  nerve,  and  trans- 
mitted thence  to  the 
brain,  awakes  in  us  the 
sensation  of  sound. 

A  still  more  striking 
example  of  the  convey- 
ance of  the  motion  of 
Bounl  t)  I  rough  air  may 
be  brought  before  you- 
By  permitting  a  jet  of 
gas  to  iiisue  through  a  small  orifice,  a  slender  0ame  is 
obtAined,  and  by  turning  a  cock,  the  flame  is  reduced  to  u 
height  of  about  half  an  inch.     It  is  then  introduced  into 
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a  glass  tube,  a  b  (Gg.  85),  twelve  inches  loog.  Give  me 
your  pexinission  to  addre^  that  Uarne.  If  I  be  skilfuj 
enough  to  pitch    my  voice  !-•„,.  gs. 

to  the  proper  note,  the 
flame  will  respond  by  sud- 
denly sounding  a  note  of 
tlie  same  pitch,  and  it  will 
continue  singing,  as  long  as 
the  gas  continues  to  bum. 
The  burner  is  now  arranged 
within  the  tube,  which 
coverB  it  to  a  depth  of  a 
couple  of  inches.  If  the 
tube  were  lower,  the  flame 
would  fiing  of  its  own  accord, 
u  in  the  well-known  case 
of  the  hy<lrogen  harmonica ; 
but,  with  the  present  ar- 
rangement, it  cannot  sing 
until  ordered  to  do  k>.  I 
make  a  preliminary  trial  of 
my  voice  upon  the  flame. 
It  does  not  respond,  because 
it  has  not  been  spoken  to 
in  the  proper  tone.  But  a  note  of  somewhat  higher  pitch 
causes  it  to  stretch  its  tongue  and  aing  vigorously.  When 
the  proper  pitch  has  been  ascertained,  the  experiment  is 
sure  to  succeed,  aud  from  a  distance  of  twenty  or  thirty 
feet,  the  flame,  when  snng  unto,  ifi  causfHi  to  sing  re- 
sponsively.  With  a  little  practice,  moreover,  one  is  able 
to  command  a  flame  to  sing  and  to  stop  singing*  while 
it  strictly  obeys  the  injunction.  Here,  then,  we  have  a 
striking  example  of  the  conToyonce  of  sonoroua  vibrations 
through  air,  and  of  their  communication  to  a  body  emi- 
nently sensitive  to  their  action. 
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Why  are  these  experimeuta  on  sound  performed? 
Simply  for  the  piirpose  of  giving  you  clear  conceptions 
regarding  wliat  takes  place  in  tlie  case  of  heat ;  to  lead  you 
frona  the  tangible  to  the  intangible ;  from  the  region  of 
sense  into  that  of  theory. 

After  philosophers  hatl  become  aware  of  the  manner  in 
which  sound  was  produced  and  transmitted,  analogy  led 
some  of  them  to  suppose  that  light  might  be  produced 
and  transmitt^iid  in  a  somewhat  similar  manner.  And 
perhaps,  in  the  whole  history  of  science,  there  was  never  a 
question  more  hotly  contested  than  this  one.  Sir  Isaac 
Newton,  as  indicated  in  our  second  lecture,  supposed  light 
to  consist  of  minute  particles,  darted  out  from  luminous 
bodies.  Huyghens,  the  contemporary  of  Newton,  found 
great  difficulty  in  admitting  this  cannonade  of  particles ; 
or  in  realising  that  they  coidd  shoot  with  inconceivable 
velocity  through  space,  and  yet  not  dl'iturb  each  other. 
This  celebrated  man  entertained  the  view  tliat  light  was 
produced  by  vibrations,  similar  to  those  of  sound,  Kulcr 
supported  Huyghens,  and  one  of  his  argument*,  though 
not  truly  physical,  is  so  quaint  and  curiousi,  that  I  will 
repeat  it  here.  He  considers  our  various  senses,  and  the 
manner  in  which  they  are  affected  by  extenial  objects. 
'  With  regard  to  smell,'  he  says,  *  we  know  that  it  is  pro- 
duced by  material  particles,  which  issue  from  a  volatile 
body.  In  the  case  of  hearing,  nothing  is  detached  from 
the  sounding  body,  and  in  the  case  of  feeling  wo  must 
touch  the  body  itself.  The  distance  at  which  our  sense* 
perceive  bodies  is,  in  the  case  of  touch,  no  distance : 
in  the  case  of  smell,  a  small  distance;  in  the  ca$e  of 
hearing,  a  considerable  distance  ;  but,  in  the  case  of  Mght^i 
greatest  of  all.     It  is  therefore  more  probable  that   the. 
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same  mode  of  propagation  is  commoa  to  sound  and  light 
than  to  odouTH  and  light ; — that  luminous  bodies  Rbould 
behave,  not  as  volatile  bodies,  but  as  sounding  ones.* 

The  authority  of  Newton  bore  these  men  down,  and 
not  until  a  man  of  g^enius  within  the^e  walls  tot>k  up  the 
Bitbject,  had  the  Theory  of  Undulation  any  chance  of 
coping  with  the  rivnl  Theory  of  Emission.  To  Dr.  Thomas 
Young,  formerly  Professor  of  Natural  Philosophy  in  the 
Royal  Institution,  belongs  the  honour  of  stemming  thi« 
tide  of  authority,  and  of  establishing,  on  a  safe  basis,  the 
Undulatory  Theory  of  light.  Great  things  have  been 
done  in  this  edifice  ;  but  scarcely  a  greater  thing  than 
this.  And  Young  was  led  to  his  conclusion  regarding 
light,  by  a  series  of  investigations  on  st>iind.  He,  like 
ourselves  at  the  present  moment,  rose  from  the  known  to 
the  unknown,  from  the  tangible  to  the  intangible.  Tbiti 
subject  has  lieen  illustrated  and  enriched  by  the  labours 
of  geniuR  ever  fiince  the  time  of  Young ;  but  one  name 
only  will  I  here  associate  with  his, — a  name  which,  in 
connection  with  this  question,  can  never  be  forgotten  : 
Uiat  is,  the  name  of  Augustjn  FresneL 

According  to  the  theory  now  universally  received, 
light  oonnsts  of  a  vibratory  motion  of  the  atoms  and 
Doolecules  of  the  luminous  body  ;  but  how  is  this  motion 
transmitted  to  our  organs  of  sight?  Soimd  has  the  air 
as  its  medium,  and  a  close  examination  of  the  phenomena 
of  light  has  let!  philotsophcrs  to  the  conclusion,  that  space 
is  occupied  by  a  substance  almost  infinitely  elastic,  through 
which  the  pulses  of  light  make  their  way.  Here  your 
conceptions  must  be  perfectly  clear.  It  is  just  as  easy  to 
picture  a  vibrating  atom  as  to  picture  a  vibrating  cannon- 
ball;  and  there  is  no  more  diflSculty  in  conceiving  of 
this  eiJit!T^  as  it  is  called,  which  fills  space,  than  in 
imagining  alt  space  filled  with  jelly.'  The  ntxims  of 
*  We  hBTtt  DO  neuiB  or  pruducing  &□  Hhci^Timum. 
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luminous  bodies  vibrate,  and  you  must  figure  their  vibra- 
tions, as  communicated  to  the  ether,  being  propagated 
through  it  in  pulses  or  waved ;  these  waves  enter  the  papil 
of  the  eye,  cross  the  ball,  and  impinge  upon  the  retina,  at^J 
the  back  of  the  eye.  The  motion  thus  communicated  to 
the  retina,  is  transmitted  thence  along  the  optic  nerve  to 
the  brain,  and  there  announces  itself  to  consciousness,  as 
light. 

On  the  screen  in  front  of  you  is  projected  an 
of  our  incandescent  carbon-points.  The  pointa  are  first] 
brought  together,  and  then  tieparated.  You  notice  first 
the  place  of  contact  rendered  luminous,  then  yon  see  the 
glow  conducted  downwards,  to  a  certain  distance  along  the 
rod  of  carbon.  This,  as  you  know,  ia  in  reality  the  con- 
duction of  motion.  When  the  circuit  is  interrupted,  the 
points  continue  to  glow  for  a  short  time.  Their  light  is 
now  subsiding,  and  now  they  are  quite  dark ;  but  at  the 
present  moment,  there  is  a  copious  emission  from  these 
points,  which,  though  incompetent  to  affect  sengibly  the 
nerves  of  vision,  is  quite  competent  to  affect  other  nerves 
of  the  human  system.  To  the  eye  of  the  philosopher, 
looking  at  such  matters  without  reference  to  sensation, 
these  obscure  radiations  are  substantially  the  same  in 
kind  aa  those  which  produce  the  impression  of  light. 
You  must,  therefore,  figure  the  molecules  of  the  heated 
body  as  in  a  state  of  motion ;  you  must  figure  that 
motion  as  communicated  to  the  surrounding  ether,  and 
transmitted  through  it  with  a  velocity  which  we  have  the 
strongest  reason  for  believing  to  be  the  same  as  that  of 
light.  When,  therefore,  you  turn  towards  a  fire  on  a  cold 
day  and  expose  your  chilled  hands  to  its  influence,  the 
warmth  which  you  feel  is  due  to  the  impact  of  these  ^ 
ethereal  billows  upon  your  skin.  They  throw  the  nervea 
into  motion,  and  the  oonsciousness,  corresponding  to  this 
motion,  is  what  we  popularly  call  warmth.     Our  task* 
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during  the  lectures  vliich  remain  to  us,  will  be  to 
examioe  tbu  laws  and  properties  of  beat  tbus  propagated 
through  the  ether,  in  which  form  it  is  called  Radiant 
Beat 

For  the  investigation  of  this  subject^  we  pow«w  oiir 
invaluable  thermo-piley  tbe  face  of  which  i^  now  coated 
with  lampblack,  a  powerful  absorber  of  radiant  heat. 
Holding  the  instrument  before  my  cheek,  which  is  a 
radiating  body,  the  pile  drinks  in  the  rajs.  They 
generate  electricity,  and  the  needle  of  the  galvanometer 
moves  up  to  90",  Withdrawing  the  pile  from  the  source 
of  heat,  and  allowing  the  needle  to  come  to  rest,  I  place 
B  slab  of  ice  in  front  of  the  pile.  A  deflection  in  the 
opposite  direction  follows,  as  if  rays  of  cold  were  strik- 
ing on  the  instrument,  Kumford  indeed  maintained  with 
great  tenacity  the  existence  of » frigorific  rays.*  But  in  this 
caee  the  pile  is  really  tbe  hot  body  wbich  radiates  aguinst 
tbe  ice;  the  face  of  the  pile  is  thus  cbilled,  and  the 
tieedle  moves  up  to  90*  on  the  side  of  cold.  Our  pile  is, 
therefore,  not  only  availible  for  the  examination  of  heat 
communicated  to  it  by  direct  contact,  but  ah)o  for  the  ex- 
amination of  radiant  hea.U  Let  us  apply  it  at  once  to  a 
most  important  investigation,  and  examine,  roughly  in  the 
first  instance,  tbe  distribution  of  heat  in  the  electric  gpec^ 
trum.  • 


ZTEAT  or  STECrBOlI. 

The  spectrum  is  formed  by  sending  a  slice  of  piu'e 
white  light  &om  the  slit,  o  (fig.  86),  through  a  double  con- 
vex lens,  and  then  through  a  prism,  a  b  c,  built  up  of 
plane  glass  sides,  and  filled  with  the  liquid  bisulphide  of 
carbon.  This  liquid  gives  a  richer  display  of  colour  than 
glass  does,  and  this  is  one  reason  for  its  employment  in 
preference  to  glass.    The  white  beam  is  now  reduced  to 
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iU  component  colours — red,  orange,  yellow,  green,  and 
blue  ;  the  long  blue  space  being  usually  subdivided  into 
blue,  indigo,  and  violet.    I  will  now  cause  a  tbenno-pile 

Fio.  86. 
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of  a  particular  construction  t^  pass  gradually  llirough 
uU  th(?sc  colours  in  siicceaaion,  so  as  to  test  their  beating 
powers,  and  you  shall  observe  the  consequent  action  on 
the  galvanometer. 

The  experiment  is  made  with  a  beantifiil  piece  of  ap* 
parata'i  (fig.  87),  designed  by  Melloni,  and  executed,  with 
Ids  accustomed  skill,  by  Ruhm- 
korff.  It  consists  of  a  polished 
brass  plate,  A  B,  attached  to  a 
^stem,  mounted  on  a  horizontal  bar, 
wliich,  by  means  of  a  screw,  may 
liave  motion  imparted  to  it.  By 
turning  an  ivory  handle  in  one 
direction,  tlie  plate  of  brass  is 
caused  to  approach ;  by  turning 
it  in  the  other,  it  is  caused  to 
recede,  the  motion  being  so  fine 
and  gradual,  that  we  can,  witb 
ease  and  certainty,  push  the 
ecreen  tiirough  a  space  less  than 
K^P^th  of  an  inch.  You  observe 
a    narrow    vertical    slit    in  the 


MSOT.  X. 


IXTISIULE   HEAT. 


STO 


toiddie  of  the  plate  a  b,  and  sometbing  dark  behind  it. 
That  dark  line  is  the  blackened  face  of  a  therrao-clcctrio 
pile,  P,  the  elementa  of  which  are  ranged  in  a  single  row, 
and  not  in  a  square,  ai  in  our  other  instrument.  We 
will  allow  distinct  slices  of  the  spectrum  to  fall  on  that 
slit ;  each  will  impart  whatever  heat  it  possesses  to  the 
pile,  and  the  quantity  of  beat  will  be  marked  by  the 
needle  of  our  galvanometer. 

At  present,  a  small  but  brilliant  Bpectrum  falls  upon 
the  plate  A.  B,  but  the  pile  is  r^uite  out  of  the  spectrum. 
On  turning  the  handle,  the  slit  gradually  approaches  the 
violet ;  the  liglit  now  falls  upon  it,  but  the  needle  does  not 
move  sensibly.  In  the  indigo  the  needle  is  still  quiescent ; 
the  blue  also  shows  do  action.  Nor  does  the  green.  The 
yellow  £ills  upon  the  sUt^  and  the  motion  of  the  needle  ia 
now  perhaps  for  the  first  time  visible  to  you  ;  but  the  deflec- 
tion ia  small,  though  the  pile  is  exposed  to  the  most  lumi- 
nous part  of  the  spectrum.'  I  pass  on  to  the  orange,  which 
ia  less  luminous  than  the  ycUuw,  but  you  observe,  though 
the  Light  diminishes,  the  heat  increases ;  the  needle  moves 
still  farther.  In  the  red,  finally,  which  is  less  luminous 
than  the  orange,  we  have  the  greatest  thermal  power  of 
the  visible  spectrum. 

I  now  cause  the  pile  to  pass  entirely  out  of  the  spec- 
trum, quite  beyond  the  extreme  red.  The  needle  goes 
promptly  up  to  the  stops.  So  that  we  have  here  a  heat- 
spectrum  which  we  cannot  see,  and  whose  thermal  power 
is  far  greater  than  that  of  any  part  of  the  visible  spectrum. 
In  fact,  the  electric  light,  with  which  we  deal,  emits  anj 
infinity  of  rays,  converged  by  our  lens,  refracted  by  our 
prism,  forming  the  prolongation  of  our  spectrum,  but 
utterly  incompetent  to  excite  the  optic  nerve.  It  is  the 
Bame  with  the  sun.     Our  orb  is  rich  in  these  obscure  rays ; 
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and  though  they  are,  for  the  most  part,  cut  off  bv  our  at- 
mosphere, multitudes  of  them  still  reach  ws.  To  the  illu»- 
trioua  William  Herschel  we  are  indebted  forthis  discovery,  i 
I  propofte,  in  a  future  lecture,  to  sift  the  composite  emis- 
sion of  our  electric  lamp,  detaching  tbe  visible  from  the 
invisible  rays,  and  illustratingr  the  discoveries  which  have 
been  recently  made  in  connection  with  the  subject  of  ob- 
scure radiation. 

The  visible  spectrum,  then,  simply  marks  an  interval 
in  which  the  rays  are  so  related  to  our  organisation,  as  to 
excite  the  impression  of  light.  Beyond  this  interval,  in 
both  directiona,  obsoure  rays  fall ;  those  falling  beyond 
the  red  being  powerful  to  produce  heat,  while  those  falling 
beTond  the  violet  are  powerful  to  promote  chemical  action. 
How  then  are  we  to  picture  to  ourselves  the  rays,  visible 
and  invisible,  which  fill  the  space  oocupied  by  the  spec- 
trum ?  Observe  first,  that  the  entire  beam  of  white  light 
is  drawn  aside  or  refracted  by  the  prism,  but  the  violet  is 
pulled  aside  more  than  tbe  indigo,  the  indigo  more  than 
the  blue,  the  blue  more  than  the  green,  the  green  more  , 
than  the  yellow,  the  yellow  more  than  the  orange,  and  the 
orange  more  than  the  red.  The  colours  are  differently 
refi-angible,  and  upon  this  depends  the  possibility  of  their 
separation.  To  every  particular  degree  of  refraction  be- 
longs a  definite  colour,  and  no  other.  But  why  should  < 
light  of  one  degree  of  refrangibility  produce  the  sensation 
of  red,  and  light  of  another  degree  the  sensation  of  green  ? 
This  leads  us  to  consider  more  closely  the  cause  of  theaa  ] 
sensations. 

A  reference  to  the  phenomena  of  sound  will  materially 
help  us  here.  Figure  clearly  to  your  minds  a  harp-string 
vibrating  to  and  fro ;  it  advances  and  causes  the  particles 
of  air  in  front  of  it  to  crowd  together,  thus  producing  a 
eondenBotion  of  the  air.  It  retreats,  and  the  air  particles 
behind  it  separate  more  widely,  thus  producing  a  rar^' 
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f<uiUy>x  of  the  air.  The  string  again  advances  and  pro- 
duces a  condensation  as  before,  it  again  reiroats  and 
produces  a  rarefaction.  In  ibis  way,  the  air,  through 
which  the  sound  of  the  string  is  propagated,  is  moulded 
into  a  regular  sequence  of  condensations  and  rarefactionfl, 
which,  at  the  freezing  temperature,  travel  with  a  velocity 
of  about  1,100  feet  a  second. 

The  condensation  and  rarefaction  constitute  what  is 
called  a  sonorous  puke  or  wavt.  The  length  of  the  wave 
is  measured  from  the  centre  of  one  condensation  to  the 
centre  of  the  nest  one.  Now,  the  quicker  a  string 
nbrates,  the  more  quickly  will  these  pulses  follow  each 
other,  and  the  shorter,  at  the  same  time,  will  be  the 
length  of  each  individual  wave.  Upon  these  differences 
the  'pitch  of  a  note  in  music  depends.  If  a  violin  player 
wishes  to  produce  a  note  of  higher  pitch,  he  shortens  the 
string  by  pressing  his  finger  on  it ;  thereby  augmenting 
the  rapidity  of  vibration.  If  his  point  of  pressure  exactly 
halves  the  length  of  his  string,  he  obtains  the  octave  of 
the  note  which  the  string  emit«,  when  vibrating  as  a 
whole.  Boys  are  chosen  as  choristers  to  produce  the 
shrill  notes,  men  to  produce  the  hass  notes ;  the  reason 
being,  that  the  boy's  vocal  chords  vibrate  more  rapidly  than 
the  man's.  So,  also,  the  bum  of  a  gnat  is  shriller  than 
that  of  a  beetle,  because  the  smaller  insect  can  send  a 
greater  number  of  impulses  per  second  to  the  car. 


PUTSICAL    CAUSE    Of   COLODR. 


We  have  now  cleared  our  way  towards  a  fidl  appre- 
hension  of  the  physical  cause  of  colour.  This  spectrum 
is  to  the  eye  what  the  musical  scale  is  to  the  ear ;  its 
different  colours  represent  notes  of  different  pitch.  The 
vibrations  which  produce  the  impression  of  red  are  slower, 
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and  thft  ctberwil  waveB  which,  they  generate  are  longer, 
than  those  which  produce  the  impression  of  violet,  while 
the  other  ooloura  are  excited  by  waves  of  intermediate 
lengths.  The  lengths  of  the  wavea  both  of  sound  and 
light,  and  the  number  of  shocks  which  they  respectively 
impart  to  the  ear  and  eye,  have  been  strictly  det^^nnined. 
l^et  us  here  go  through  a  simple  calculation.  Light 
travels  through  space  at  a  velocity  of  186,000  miles  a 
second,  deducing  this  to  inclics,  we  find  the  number  to 
be  11,784,960,000.  Now  it  is  found  that  39,000  waves 
of  red  light,  placed  end  to  end,  would  make  up  an  inch  ; 
multiplying  the  number  of  inches  in  186,000  miles  by 
39,000  we  obtaiu  the  number  of  waves  of  red  light 
embraced  in  a  distance  of  186,000  miles:  this  number  is 
459,613,440,000,000.  AU  these  waves  enUr  ths  eije  in 
a  singU  aecoTid.  To  produce  the  impression  of  red,  the 
retina  must  be  hit  at  this  inconceivable  rate.  To  pro- 
duce the  impression  of  violet,  a  still  greater  number  of 
impulses  is  necessary.  It  would  take  57,500  waves  of 
violet  to  fill  an  inch,  and  the  number  of  shocks  required 
to  produce  the  impression  of  this  colour  amounts  to  six 
hundred  and  seventy-eight  millions  of  millions  per  second. 
The  other  colours  of  the  spectrum,  as  abeady  stated,  rise 
g^dually  in  pitch  from  red  to  violet.  Beyond  the  violet 
we  have  rays  of  too  high  a  pitch  to  be  visible,  while 
beyond  the  red  wo  have  rays  of  too  low  a  pitch  to  be 
visible.  Both  as  regards  light  and  sound,  our  organs 
embrace  a  certain  practical  range,  beyond  which,  on  both 
Rides,  though  the  objective  cause  exists,  our  nerves  cease 
to  be  influenced  by  it. 

When,  therefore,  this  red-hot  copper  ball  is  placed 
before  you,  and  you  watch  the  waning  of  its  light,  you 
will  have  a  perfectly  clear  conception  of  what  is  occurring. 
The  atoms  of  the  ball  oscillate  in  a  resisting  medium,  which 
accepts  their  motion  and  transmits  it  on  all  sides  with  incou- 
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teivable  velocity-  Tlie  oacillations  competent  to  produce 
light  are  suoq  exhausted  ;  the  ball  becomes  dark,  still  ita 
atoms  oscillate,  sendiDg  tbroug-h  the  ether  waves  of  greater 
length  and  slower  period  tlian  those  appropriate  to  vision. 
The  hall  cools  as  it  thus  loses  its  atomic  motion,  but 
no  cooling  to  which  It  can  be  practically  subjected  csin 
entirely  deprive  it  of  such  motion.  Id  other  words,  all 
bodies,  whatever  may  be  their  temperature,  are  radiat- 
ing heat.  From  every  person  here  present,  waves  are  speed- j 
ing  away,  some  of  which  strike  this  cooling  ball,  and' 
restore  a  portion  of  its  lost  motion.  But  the  motion 
thus  received  by  tlie  ball  is  far  less  tlian  that  which  it 
expends,  and  the  difference  expresses  the  ball's  loss  of  heat. 
As  long  as  this  state  of  things  continues,  the  ball  will  con- 
tinue to  show  an  ever-lowering  temperature:  its  tem- 
perature will  sink  until  the  quantity  it  emits  is  equal  to 
the  quantity  which  it  receives,  and  at  this  point  its  tem- 
perature becomes  constant.  Thus,  tliongh  you  are  conscious  ' 
of  DO  reception  of  heat  when  you  stand  before  a  b(j«ly  of 
your  own  temperature,  an  interchange  of  rays  is  passing 
between  you  and  it.  Every  superficial  atom  ofe-ach  mass 
iti  sending  forth  ils  waves,  which  cross  those  that  move  in 
the  opposite  direction,  every  wave  asserting  its  own  indivi- 
duality amid  the  entanglement  of  ita  fellows-  Wht-n  the 
sum  of  motion  received  is  greater  than  that  given  out, 
wanmog  is  the  consequence ;  when  the  sum  of  motion 
given  out  is  greater  than  that  received,  chilling  takesJ 
place.  This  is  Prevost's  Theory  of  Exchanges,  expressed 
in  Uie  language  of  the  Wave  Tlioory  of  Heat. 
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EEFLECnON    OF   HEAT. 

You  observed  when  the  thermo-electric  pile  was  placed 
in  front  of  my  cheek  there  was  attached  to  it  an  open  cone 
which  was  not  employed  in  our  former  experiments.  This 
cone  is  silvered  inside,  and  it  is  intended  to  augment  the 
action  of  feeble  radiation^,  by  converging  them  upon 
the  face  of  the  thermo-pile.  It  does  this  by  reflection. 
Instead  of  shooting  wide  of  the  pile,  as  many  of  them 
would  do  if  the  reflector  were  removed,  the  rays  meet  the 
silvered  siu-face,  and  glance  from  it  againnt  the  pile.  The 
augmentation  of  the  efi*ect  may  be  thus  shown,  I  place 
t  he  pile  at  one  end  of  the  table  without  its  reflector,  and  at 
a  distance  of  four  or  6ve  feet  a  copper  ball,  hot — but  not 
red-hot ;  you  observe  scarcely  any  motion  of  the  needle  of 
the  galvanometer.  Disturbing  nothing,  I  now  attach  tlie 
reflector  to  the  pile ;  the  needle  instantly  goes  up  to  90% 
declaring  the  augmented  action. 

The  law  of  this  reflection  is  precisely  the  same  as 
that  of  li-^ht.  A  few  minutes  may  be  usefully  devoted  to 
the  illustration  of  this  subject.  Observe  this  apparently 
solid  cylindrical  beam,  issuing  horizontally  from  nur 
electric  lamp,  and  marking  its  track  thus  vividly  upon  the 
dust  of  the  darkened  room*  Permitting  the  beam  to  &U 
upon  II  plane  mirror,  it  is  reflected,  and  it  now  strikes  the 
ceiling.  The  horizontal  beam  here  is  the  incideni  beam, 
the  vertical  one  is  the  r^tected  beam,  and  the  law  of 
light,  as  many  of  you  know,  is,  that  the  angle  of  incidence* 
isequal  to  the  angle  of  reflection.  The  incident  and  re- 
flected beams  now  enclose  a  right  angle,  and  when  this  is 
the  case  we  may  be  sure  that  each  beam  encloses,  with  a 
perpenilicular  to  the  surface  of  the  mirror,  an  angle  of  45°. 

I  place  the  electric  lamp  at  the  corner,  s,  of  the  table 
(fig,  88),  behind  which  is  fixed  a  small  looking-glass,  l; 
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and  on  which  is  drawn  a  large  arc,  a  6.  Attached  to  the 
mirror  is  a  long  straight  lath,  m  n,  while  the  mirror,  rcflt- 
ing  upon  rollers,  can  be  tiiraed  by  the  lath,  which  is  to 
serve  aa  an  index.  Those  directly  in  front  may  see  that 
the  lath  itself  and  it«  reflection  in  the  looking-glass  form 
a  straight  line,  which  proves  that  the  lath  is  perpen- 
dicular to  the  reflecting  surface.  Right  and  Icfl  of  the 
central    line,  m  n,  the  arc  is  divided  into  ten  equal 
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^ifipb;  that  is  to  say,  coramcacing  at  the  end  a  with  0, 
the  arc  is  graduated  up  to  20.  I  now  turn  the  lath 
index,  eo  that  it  shall  be  in  the  line  of  the  beam  emitted 
by  the  lamp.  The  beam  falls  upon  the  mirror,  striking  it 
as  a  perpendicular,  and  is  reflected  back  from  it  along 
the  Line  of  incidence.  I  now  move  tlie  index  to  1  ;  the 
reflected  beam  draws  itself  along  the  table,  cutting  the 
iiguro  2.  Moving  the  index  to  2,  the  beam  cuts  the 
flgure  4  ;  moving  the  index  to  3,  the  beam  falls  on  6 ; 
moving  it  to  5,  the  beam  falls  on  10;  moving  it  to  10, 
tbe  beam  falls  on  20.  We  have  here  demonstrated  two 
important  lawn  ;  first,  that  the  angle  of  incidence  is  equal 
to  the  angle  of  reflection,  and  secondly,  that  the  reflected 
))eam  moves  twice  as  fast  as  the  index.  This  is  usually 
expressed  by  the  statement,  that  the  angular  velocity  of  a 
reflected  beam  is  twice  that  of  the  mirror  which  re- 
flects it 
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You  have  alrwidy  learnt  that  the  incandescent  carbon- 
points  emit  an  abundance  of  obscure  rays — rays  of  pure 
heat,  which  have  no  ilhiminating  power.  We  have  now  to 
learn  tliat  these  raya  obey  precisely  the  same  laws  as  the 
wys  of  light.  I  have  here  a  selected  piece  of  glaj^s,  so 
blaok  and  opaque  that  when  you  look  through  it  at  the 
electric  light,  or  even  at  the  noonday  sun,  you  sec  nothing. 
It  cuts  off  every  niy  of  light ;  but,  strange  as  it  may  appear 
to  you,  it  is,  to  some  extent,  transparent  to  the  obscure 
rays  of  the  lamp.  I  extinguish  the  light  by  interrupting 
the  cnrrent,  intei-poae  my  black  glass  in  front  of  the 
electric  lamp,  and  place  my  thermo-pUe  ou  the  table  at  Ihe 
number  20,  where  the  luminous  beam  fell  a  moment  ago. 
The  pile  is  connected  with  the  galvanometer,  and  the 
needle  of  the  instrument  is  now  at  zero.  On  igniting  the 
lamp,  uo  light  makes  its  appearance,  but  the  needle  of  the 
galvanometer  swings  to  90",  through  the  action  of  the  non- 
Inminous  rays  upon  the  pile.  Mlieo  the  pile  is  moved 
right  or  left  from  its  present  position,  the  needle  immedi- 
ately sinks  to  zero.  Here  the  calorific  rays  have  piirsueiJ 
the  precise  track  of  the  luminous  rays.  Repeating  the 
experiments  already  executed  with  light, — bringing  the 
index  in  succession  to  1,  2,  3,  5,  and  10,  it  may  be  proved 
that,  in  the  case  of  radiant  heat  also,  the  angular  velocity 
of  the  reflected  beam  is  twice  that  of  the  mirror. 

In  these  experiments  the  heat  is,  or  has  been,  associated 
with  li^ht.  But  it  may  Iw  shown  that  the  law  holds 
good  for  rays  emanating  from  a  truly  obscure  lx>dy.  I 
set  a  copper  ball,  warm,  but  dark,  upon  a  candlestick  c 
(fig.  89),  as  a  s\ipporl,  and  place  the  pile,  p,  with  its 
conical  rc8ector  turned  away  from  c,  so  that  no  direct 
ray  from  the  ball  can  reach  the  pile.  The  galvanometer 
needle  remains  at  zero.  I  now  introduce  the  tin  reflector, 
M  N,  BO  that  a  line  drawn  to  it  from  the  ball  shall  make 
tlie  same  angle  with  a  nerpendicular  to  the  reflector,  as  a 


tlXT.  X. 


EXPRIlIMKXTAt.    ILLUSTRATIONS. 


387 


line  drawn  from  the  pile.  True  to  the  law,  the  heat-rays 
emanating  from  the  ball  rebound  from  it,  strike  the 
pile,  and  produce  a  prompt  motion  of  the  needle. 

Like  the  raya  of  light,  the  rays  of  heat  emanating  from 
our  ball  proceed  in  straight  lines  through  space,  dimin  ishini; 
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in  intensity,  exactly  as  light  diminishes.  Thus,  this  luill, 
which  when  close  to  the  pile  causes  the  needle  of  the 
galvanometer  to  fly  up  to  90°,  prodncos  at  a  distance  of 
4  feet  6  inches  a  scarcely  sensible  action.  Its  rayH  are 
squandered  on  all  sides,  and  comparatively  few  of  them 
reach  the  pile.  But  t  now  iutrodute  l)etween  the  pile  and 
the  ball  a  tin  tube,  a  b  (fig.  DO),  four  fuet  long.  It  ia 
polished  within,  and  therefore  capaUe  of  reSection.  The 
calorific  rays  strike  the  interior  surface  obliijuely,  are  re- 
flected from  side  io  side  of  the  tulie,  and  thus  enabled  t<.> 
reach  the  pile.  The  needle,  which  a  moment  ago  showed 
no  sensible  action,  movcj^  promptly  to  its  stops. 

These  experiments  iiUwtnite  sufficiently  the  reflection 
of  radiant  heat  by  plane   surfaces;  let  us    turn  for  a 
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moment  to  reflection  from  curved  snrfaceg.  The  con- 
cave mirror,  m  n  (fig.  91),  is  formed  of  copper,  coated 
with  silver.     The  warm  copper   ball,  B»  is   placed   at  a 
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distance  of  eighteen  inches  from  the  pile,  whose  conical 
reflector  is  now  removed.  Unaided  by  the  mirror  the 
rays  from  the  ball  produce  scarcely  any  motion  of  the 
needle.     If  the  redector,  u  N,  were  placed  properly  behind 
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a  candle,  its  rays  would  be  collected,  and  sent  hack  in 
cylinder  of  light.     In  the  same  manner  the  mirror  collect 
and  reflects  the  calorific  rays  emitted  by  the  ball  B.     Yool 
cannot,  of  course,  see  the  track  of  tLese  obscure  rays  ;  but 
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the  giilvaoozneter  reveals  the  action,  the  needle  of  the 
instrumeDt  goiDg  promptly  up  to  90°. 


COMJUaATB  UIBROBB. 

The  action  is  vastly  intensified  by  tlus  pair  of  larger 
mirrors,  which  have  a  hiatoric  interest  for  me.  One  of 
them  is  placed  flat  upon  the  table.  Tlie  curvature  of  this 
mirror  is  so  regulated,  that  if  a  light  be  placed  at  its 
focus,  the  rays  which  fall  divergent  upon  the  curved 
surface  are  rcSected  upwards  from  it  parallel.  In  the 
focus  I  place  our  carbon-points,  bring  them  into  contact, 
and  then  draw  them  a  little  apart;  the  electric  light 
flashes  against  the  mirror,  a  vertical  beam,  marked  by 
the  shining  dust  of  the  room,  rising  upwards  from  the 
reflector.  If  we  reversed  the  experiment,  and  allowed  a 
I  parallel  beam  to  fall  upon  the  mirror,  the  rays  of  that 
beam,  after  reflection,  would  be  collected  in  the  focus.  To 
make  this  experiment  we  introduce  the  second  mirror, 
which  is  suspended  from  the  ceiling.  Drawing  it  up  to 
a  height  of  20  or  25  feet,  the  vertical  beam,  which 
previously  fell  upi>n  the  ceiling,  in  now  received  by  the 
reflector.  In  the  focus  of  the  upper  mirror  is  hung  a  bit 
of  oiled  paper,  and  you  observe  how  intensely  that  piece 
of  paper  is  illuminatt^d,  not  by  the  direct  light  from 
below,  but  by  the  reflected  light  converged  upon  it  by  the 
mirror  above. 

Some  of  you  have  probably  witnessed  the  extraordinary 
action  of  light  upon  a  mixture  of  hydrogen  and  chlorine, 
and  we  may  now  exhibit  this  action  in  a  stiikingway. 
A  transparent  collodion  balloon  is  filled  with  the 
mixed  gases.  Lowering  the  upper  reflector,  the  balloon  is 
soBpended  from  a  hook  attached  to  it,  so  that  the  little 
globe  swings  in  the  focus.  We  will  now  draw  the  mirror 
quite  up  to  the  ceiling  (fig.  92).     Placing,  as  before,  the 
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carboD-pointa  in  tlio 
focua  of  tlie  lower 
mirror,  the  moment 
tliey  are  drawn  apart, 
the  gases  explode.  And 
remember,  thia  is  the 
action  of  the  lu/IU, 
You  know  that  collo- 
dion is  an  iuiiummable 
substance,  and  beoce 
ini^rht  suppose  it  bo  be 
tlie  heat  of  tbft  ooke- 
puiut«  which  ignites 
it,  and  tliat  it  igfnites 
the  gases.  But  the 
flakes  of  the  balloon 
descend  on  the  table, 
proving  t}iat  the  lu- 
minous rays  went 
harmk'stily  through  it, 
caused  the  gHses  to 
explode,  the  hjdro- 
cldorio  acid,  formed 
by  thtir  combustion, 
having  preserved  the 
inflammable  envelope. 
In  the  focua  of 
the  upper  mirror  is 
now  placed  a  second 
balloon,  containing  a 
mixture  of  oxygen  and  ' 
hydrogen,  on  which 
H^ht  has  no  seuidble 
effect.  In  the  focus 
of  the   lower   one  is 
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placed  a  red-bot  copper  ball.  The  calorific  rays  are  now 
(reflected  and  converged,  as  the  luiuinotis  ones  were  reflected 
rand  converged  in  the  la^t  experiment;  hut  they  act  upon 
the  eu%-elope,  which  Las  been  purposely  blackened  to 
enable  it  to  intercept  the  heat-rays.  Explosion  occura, 
but  you  now  see  no  trace  of  the  ball'ion ;  the  iriflatnmable 
fiuliatfince  is  entirely  diasipated. 

I^t  ufl  lower  the  upper  mirror  once  more,  and  suspend 
in  its  focns  a  flask  of  hot  water.  The  therino-pile  is 
now  placed  at  the  focus  of  the  hiwer  mirror.  Its  face 
being  turned  upwards,  and  eiposwl  to  the  direct  radiation 
of  the  warm  flask,  there  is  no  sensible  action  produced  by 
the  direct  rays.  Hut  when  the  £ice  of  the  pile  is  turned 
downwards,  if  light  and  heat  behave  alike,  the  rays 
from  the  flask  which  strike  the  reflector  will  be  collected 
at  its  focuB.  You  see  that  this  is  the  case ;  the  needle, 
which  was  not  sensibly  affected  by  the  dii-ect  rays, 
goe^  up  to  its  stops.  The  direction  of  that  deflection 
IS  to  be  noted;  the  red  end  of  the  needle  movc«  towards 
you. 

lu  Ihe  place  of  the  flask  of  hot  water,  1  now  sus- 
pend a  second  one  containing  a  freezing  mixture.  Placing, 
bfts  in  the  former  case,  the  pile  in  tlie  focus  of  the  lower 
mirror ;  when  turned  directly  towards  the  upper  flask, 
there  is  no  action.  Turned  downwards,  the  needle  moves, 
the  red  end  coming  towards  me. 

Docs  it  not  appear  as  if  this  liody  in  the  upper  focua 
were  now  omitting  rays  of  cohl,  which  arc  converged  by 
the  lower  mirror,  like  the  rays  of  heat  in  our  former  et- 
tperiment?  The  facts  are  exactly  complementaiy,  and  it 
ri'ould  seem  that  we  have  precisely  the  same  right  to  infer, 
like  Rumfurd,  from  this  c:cperiment  the  existence  and 
cohvergf-nce  of  cold-rays,  as  we  have  from  the  List  ptpori- 
nient  to  infer  tlie  existence  and  convergence  of  bwit-rays. 
Mwny  of  you,  no  doubt,  have  already  perceived  tin  real 
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sUte  of  tlie  case.  The  pile  is  a  warm  body,  but  in  the 
hst  experinieiU,  the  heat  which  it  lost  by  radiation  was 
more  than  made  good  br  that  received  from  the  hot  flask 
above.  Now  the  case  \b  rerened  ;  the  quantity  which  the 
pile  radiates  is  in  excess  of  the  quantity  which  it  receives, 
and  hence  the  pile  is  chilled  ; — the  exchanges  are  against 
it,  its  loss  of  heat  is  only  partially  compensated — and  the 
deflection  due  to  cold  is  the  necessaiy  consequence.* 

'  Tba  Twtieal  anmnganaat  of  tha  cofljagnte  mtn-an  is  dtte  to  DavyT 
vbo  klao  wvptodtd  an  imb  caga  with  burning  chutoal  in  the  ibcaa  of  the 
upper  mirror.  In  ma  axMUoot  magnaoe.  pabliih«d  in  GlMpi*  when  I  vu 
»  Touth,  I  fint  read  an  aceoiuit  of  Durft  ttiptraMots ;  MaA  to  Uib  pramt 
boor  I  leoumtMr  tha  jauning  vhich  took  poaaaasion  of  me  to  be.  Ilka  him, 
a  mtinal  pldlaauplHr.  1  had  little  Dotkm  at  the  time  that  I  iboold  erer 
work,  with  the  rny  taatniBeafa  the  daieriptioa  of  which  had  ao  And  mj 
joang  rathuaiaaoL 
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rkw  or  pucxinrnoir  wmi  ms  mstaxce — tizk  watw  or  boxtxo  lAinii- 

TDDISAL;   THtJflS   OP    UOHT   TU-VKSTKBOiL — WIIXN    THET   0»CTU.ATB,   TUM 

Mot-BCULU  or  DirrxHEirr  nooiKS  coiuivmicitb  DiFFUucm'   amduhts 

OP  liirnOS  TO  THB  ETUaH— BADIATIOM  THB  COmfTTXl CATION  OP  MOTIOIT 
TO  TKB  VTHXB;  ABMSmOH  TKII  ACCZPTANCB  OP  KOTIOIT  FBOll  THK 
MKBB— TBOa  flOBrACM  WHICH  KAUUTB  WKLL  ASSOOll  WILL — A  CLOSM 
WOU1.T.BC  OOYBllINO  FACTLITATRS  COOLtVO — PItasBBTATITII  INFLITBIICB 
or  OOLD-UtAP — TRAHSPAUJENCT  AMI)  DIATIlKHItAMCT^DUTlU'.IUIlC  BllIIIBS 
BAD  BADUT0B5 — DKPlMlTIOSr  OF  TlUt  TKkU  '  QCALITY  *  AS  ATPLIBD  TO 
RADUflT     H8AT — TUR     BATS   WHICH   PASS   wmiOITT  ABSORPTInK   DO    KOT 

avAT  Tfn  xntnnc— pQoFoiiTioM   of   lcuikoos   to  oascvax  baTS  m 

TAOXOOS 


LAW   OF   IMVBRSE   8QCARS?. 

THE  intensity  of  radiant  heat  diminishes  with  the  dis- 
tance, in  the  same  manner  as  that  of  lij^ht.  What 
then  is  the  law  of  diminution  for  light  ?  An  extremely 
simple  experiment  will  sufficiently  answer  this  question. 
Each  side  of  this  sqwire  sheet  of  drawing-paper  measures 
two  feet;  I  fold  it  up  so  as  to  form  a  smaller  square,  with 
sides  one  foot  in  length.  Tlie  carbon-pninfcs  of  the  electric 
lamp  are  now  sixteen  feet  from  the  screen  ;  and  at  a  dis- 
tance of  eight  feet,  that  is,  exactly  midway  between  the 
screen  and  the  points,  I  hold  this  square  of  paper.  From 
the  points  the  rays,  uninHuenced  by  any  lens,  are  emitted 
in  straight  lines,  the  square  of  paper  casting  a  well- 
defined  shadow  on  the  screen.     Let  us  mark  the  boundary 

of  that  shallow,  and  then  unfold  tlie  sheet  of  paper,  80 
14 
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lis  to  obtain  the  original  large  square.  You  see,  by  tlie 
creates,  t!iat  it  is  exactly  four  times  the  area  of  the 
smaller  oue.  Placed  against  the  screen,  this  large  sheet 
exactly  eovora  the  space  occupied  a  moment  ago  by  the 
shadow  of  the  smalt  square. 

On  the  small  square,  therefore,  when  it  stood  midway 
between  the  lamp  and  screen,  a  quantity  of  light  fell 
which,  when  the  small  square  is  removed,  is  diffused  over 
four  timeii  the  area  upon  tlie  screen.  But  if  the  same 
quantity  of  light  is  diffused  over  four  times  the  area,  it 
must  be  diluted  to  one-fourth  of  its  original  intensity. 
Hence,  by  doubling  the  distance  from  the  source  of  light, 
we  diminish  the  intensity  to  one-fourth.  By  a  precisely 
similar  mode  of  experiment,  we  could  prove,  that,  by  tre- 
bling the  distance,  we  diminish  the  intensity  to  one-ninth ; 
and  by  quadrupling  the  distance  we  reduce  the  intensity 
to  one-sixteenth  :  in  short,  we  thus  demonstrate  the  law 
that  theiutf:nsity  uf  light  diminishes,  as  the  square  of  the 
distance  increases.  This  is  the  celebrated  law  of  InverBe 
Squares,  as  applied  to  light. 

It  has  just  Ix^en  stated  that  heat  diminishes  according 
to  the  same  law.  We  will  now  approach  the  proof  uf  this 
through  an  apparent  rcfiitation.  This  narrow  tin  vessel, 
M  N  (lig.  93),  wliich  is  coated  outside  with  lampblack, 
presents  a  side  a  square  yard  in  area.  The  vessel  is  filled 
with  hot  water,  which  converts  its  large  sur&ce  into  a 
source  of  radiant  heat.  I  now  place  the  conical  reflector 
on  the  thermo-pile,  r,  but  instead  of  permitting  it  to 
remain  a  reflector,  I  push  into  the  hollow  cone  a  lining  of 
black  paper,  which  fits  exactly,  and  which,  inntoad  of 
reflecting  any  heat  that  may  fall  obliquely  on  it,  effectually 
cuts  off  the  oblique  radiation.  The  pile  is  now  connected 
with  the  galvanometer,  and  ita  cone  is  close  to  the  radi- 
ating surface,  the  face  of  the  pile  itself  being  about  six 
inches  distant  from  the  stuface. 
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The  needle  of  the  galvanometer  moves,  and  comes  to 
rest  at  60%  where  it  would  remain  as  long  as  the  temperature 
of  the  radiating  surface  contintieii  sensibly  constant.  I 
now  gradually  withdraw  the  pile  from  the  surface,  and  ask 
you  to  observe  the  effect  upon  the  galvanometer.  You 
might  naturally  expect  that  as  the  pile  is  withdrawn,  the 
intensity  of  the  beat  will  diminish,  and  that  the  deflection 
of  the  galvanometer  will  fall  in  a  corresponding  degree. 
The  pile  is  now  at  double  the  distance,  but  the  needle  does 
not  move ;  at  treble  the  disCauce,  the  needle  is  still  ata- 

Fia.  D3. 


tionary  ;  we  may  successively  qnndniple,  quintuple — go  to 
ten  times  the  distance,  the  needle  remains  rigid  in  its 
adherence  to  the  deflection  of  60**,  There  is,  to  nil 
appearance,  no  diminution  whatever  of  iutcn&ity  with  the 
increase  of  distance. 

From  this  experiment,  which  might  at  first  sight 
appear  fatal  to  the  law  of  inverse  sqtiarea,  aa  applied  to 
heat,  Melloui,  in  the  most  ingenious  manner,  proved  the 
law.  I  will  here  follow  his  reasoning.  Imagine  the  hol- 
low cone  in  front  of  the  pile  prolonged  ;  it  would  cut  the 
radiatiDg  surface  in  a  circle^  and  ihU  circle  is  the  only 
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portion  of  that  surface  whose  raya  can  reach  the  pile. 
All  Uic  other  rays  are  cut  off  by  the  uoQ-reflectiD|>^  liuiu^^ 
of  the  coae.  'Wlien  the  pile  ia  moved  to  double  the 
distance,  the  section  of  the  cone  prolonged  encloscfl  a 
circle  of  double  the  diameter,  or  four  times  the  area  of 
the  former  one;  at  treble  the  distance,  the  radiating 
surface  is  augmented  nine  times ;  at  ten  times  the  dis- 
tance, the  radiating  surface  is  augmented  100  times. 
Now,  the  constancy  of  the  deflection  proves  tliat  the 
augmentation  of  the  surface  mu^t  be  exactly  neutralised 
by  the  diminution  of  the  intensity.  But  the  radiating 
surface  augments  as  the  square  of  the  distance,  hence  the 
intensity  of  the  heat  must  diminish  as  the  square  of  the 
distance  \  and  thus  the  expcrimeot,  which  might  at  first 
sight  appear  fatal  to  the  law,  demonstrates  tliat  law  in 
the  most  simple  and  conclusive  manner. 

I  spoke  a  moment  ago  of  the  dilution  suffered  by  light 
through  its  diffusion  over  a  large  surface.  This,  however, 
is  but  a  vague  way  of  expressing  the  real  fact,  ITie  dimi- 
nution of  intensity  both  of  light  and  radiant  heat  ia,  in 
reality,  a  diminution  of  motion.  Every  ether  particle,  as 
a  wave  passes  it,  oscillates  to  and  fro.  At  the  two  limits  of 
its  excursion  it  is  brought  momentarily  to  rest,  midway 
between  those  limits  its  velocity  is  a  maximum.  The  in' 
tensity  of  (Ae  light  ie  proportioned  to  the  equare  of  tkU 
maximum  velocity,  Tlie  range  of  the  vibration  of  an 
ether  particle  is  technically  called  its  amplitude;  and  the 
intensity  of  the  light  is  also  proportional  to  tbe  square  of 
the  amplitude.  It  can  be  proved  that  both  the  maximum 
velot^ity  and  the  amplitude  vary  inversely  as  the  simple 
distance  from  the  radiant  point  ;  hence  the  intensity  of 
the  light  and  heat  emitted  by  that  point  must  vary 
inversely  as  the  square  of  the  distance. 
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PHYSICAL  MEAKUta  OF  lUDIATION. 

Let  us  DOW  revert  for  a  moment  to  our  fundameut^il 
conceptions  regarding  radiant  heat.  lU  origin  is  an 
oscillatory  motion  of  the  ultimate  particles  of  matter — a 
motion  taken  up  by  the  ether,  and  propagated  through  it 
in  waves.  There  ia  an  importanb  diflference  between  the 
motion  of  the  ether  particles  and  that  of  the  air  particles 
in  the  case  of  sound.  The  air  particles  move  to  and  fro, 
in  the  direction  in  which  the  sound  travels ;  the  ether 
particles  move  to  and  fro,  across  the  line  in  which  the 
light  travels.  The  vibrations  of  the  air  are  longitudinal, 
those  of  the  ether  transversal.  That  this  is  the  case  has 
been  inferred  from  optical  phenomena.  But  it  is  manifest 
that  the  digturbance  produced  in  the  ether  must  depend 
upon  the  character  of  the  oscillating  body ;  one  atom  may 
be  more  unwieldy  than  another,  and  a  single  atom  could 
not  be  expected  to  produce  so  great  a  distiu-bance  as  a 
group  of  atoms  oscillating  as  a  system.  Thus,  when 
different  bodies  are  heated,  we  may  fairly  eipect  that  their 
atoms,  or  molecules,  will  not  ail  create  Uic  same  amount 
of  disturbance  in  the  ether.  lb  is  probable  that  some 
will  communicate  a  greater  amount  of  motion  than  others : 
in  other  words,  that  some  will  radiate  more  copiously  tlian 
others.  For  radiation,  strictly  defined,  is  tfie  communixxir- 
iion  of  molecular  motion  from  a  heated  bodj/,  to  the  ether 
in  which  it  is  imrnersed. 

Let  us  bring  the  conclusion  here  considered  probable 
to  the  test  of  experiment.  This  cubical  vessel  o  (fig.  94) 
is  called  a  '  LesIie^s  cube,*  because  vessels  of  this  shape 
were  used  by  Sir  John  Leslie,  in  his  researches  on  radiant 
heat.  The  vessel  is  of  pewter,  but  one  of  its  vertical  sides 
is  coated  with  a  layer  of  gold,  another  with  a  layer  of 
silver,  a  third  with  a  layer  of  copper,  while  the  fourth 
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la  coated  with  u  varnUh  of  Lsiuglu^s.  Lot  us  till  the 
cube  with  hot  water,  and,  keeping  it  at  a  constant  distance 
from  the  thermo-pile,  p,  allow  its  four  faces  to  radiate, 
in  BUocesaioD,  against  the  pile.  The  hot  gold  surface 
produces  scarcely  aiiy  dii0ection  ;  the  hot  silver  is  equally 
inoperative ;  the  same  ia  the  case  with  the  copper ;  hut 
when  the  vamittlied  surface  is  turned  towardt  the  pile,  the 
gush  of  heat  becomes  suddenly  so  great  that  the  needle 
moves  up  to  its  stops.  Ileuce  we  infer,  that  through  some 
physical  cause  or  other,  the  molecules  of  the  varnish,  when 

Fro.  94.  • 


agitated  by  heat,  communicate  more  motion  to  the  ether 
than  do  the  atoms  of  the  metals;  In  other  words,  tlie 
vamifih  is  a  better  radiator  than  the  metals  are.  A  similar 
result  is  obtained  wheu  a  silver  teapot  is  compared  with 
nn  earthenware  one.  Both  1>eing  filled  with  boiling  water* 
the  silver  produces  but  little  effect,  wliile  the  radiation 
from  the  earthenware  is  so  copious,  as  to  drive  the  needle 
up  to  90".  If  a  pewter  pot  be  compared  with  a  glass 
beaker,  when  both  are  filled  with  hot  water,  the  radiation 
from  the  glass  proves  to  be  much  more  powerful  than  that 
from  the  pewter. 

You  have  often  heard  of  the  effect  of  colours  on  railiation. 
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and  have  doubtless  heard  a  good  deal  that  is  unwarranted 
by  experiment.  I*ct  me  give  a  passinp;  proof  of  this.  One 
of  the  sides  of  this  cube  is  coated  with  wliiting,  another 
with  carmine,  a  third  with  hunphlack,  while  the  fourth  is 
lefl  uncoatcd.  Filling  tho  cube  with  boiling  water,  and 
presenting  its  black  surface  to  tlie  pile,  the  needle  moves, 
and  finally  points  stea^lilj  to  65^  The  cube  rests  upoD 
a  little  turn-table,  by  turning  which  the  white  face  is 
presented  to  tho  pile.  Tho  needle  remains  stationary, 
provinj^  the  radiation  from  the  white  surface  to  be  just 
as  copious  as  that  from  the  hlnck.  When  the  red 
surface  is  tm-ned  towards  the  pile,  there  U  no  cbauge  in 
the  position  of  tho  needle.  I  now  turn  the  uncoated  side  ; 
the  needle  instantly  falls  towards  0",  proving  the  inferior- 
ity of  the  metallic  surface  as  a  radiator.  I  make  the 
same  experiments  with  another  cube,  the  sides  of  which  are 
covered  with  velvet ;  black,  white,  and  red.  The  three  vel- 
vet surfaces  radiate  alike,  while  the  naked  surface  mdiates 
less  than  any  of  them.  These  experiments  show  that  the 
radiation  from  the  clothes  which  cover  the  human  body 
is  not  at  all,  to  the  extent  sometimes  supposed,  dependent 
on  their  colour.  The  colour  of  an  animal's  fur  is  equally  • 
incompetent  to  influence  tlie  radiation.  These  are  Uie 
conclusions  arrived  at  by  Leslie  and  Mellon!  for  obscure 
heat.  We  shall  subsequently  push  the  investigation  of 
this  subject  much  beyond  the  point  at  which  they  left  it. 

Now  if  the  coated  surface  in  the  foregoing  expenments 
communicates  more  motion  to  the  ether  than  the  un- 
coated one,  it  necessarily  follows  that  tho  coated  vessel 
will  cool  more  quickly  than  the  uncoated  one.  We  cjin 
t4;st  tikis  immediately.  Here  are  two  metal  vessels,  one  of 
which  is  covered  with  lampblack,  while  the  other  is 
bright.  Three-quarters  of  an  hour  ago  boiling  water  was 
poured  into  them,  a  thermometer  being  placed  in  each. 
Both  thermometers  then  showed  the  same   temperature, 
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but  now  one  of  them  ia  some  degrees  below  tbe  otber, 
the  vessel  which  has  cooled  most  rapidly  being  the  coated 
one.  Here,  again,  are  two  vessels,  one  of  which  ia  bright, 
and  the  other  cloaely  coated  with  flannel.  Half  an  houi 
ago  two  thermometers,  plunged  in  these  vessels,  showed 
tbe  same  temperature,  but  the  covered  vessel  has  now  a 
temperature  two  or  three  degrees  lower  tlian  the  naked 
one.  It  is  not  unusual  to  preserve  the  beat  of  teapots 
by  a  woollen  covering;  but  to  be  effective  the  *co«y' 
must  fit  very  loosely.  A  closely  fitting  cover  which  baa 
the  heat  of  the  teapot  freely  imparted  to  it  by  contact, 
would,  as  we  have  seen,  promote  the  loss  which  it  is  in- 
tended to  diminish,  aud  thus  do  more  harm  than  good. 

Rumford  has  been  a  source  from  which  compilers  have 
drawn  freely  in  their  expositions  of  the  laws  of  radiant 
heat.  His  experiments,  on  which  we  have  also  drawn,  are  ex- 
cellent, but  his  inferences  are  often  defective.  His  notion 
of  frigorific  rays,  for  example,  was  a  fundamental  mistake, 
and  his  strong  tendency  to  apply  the  results  of  science  to 
practical  life  often  led  him  to  hasty  conclusions.  After 
proving  tliafc  goldbeater's-skin,  when  blackened,  was  a 
better  radiator,  and  consequently  a  more  rapid  cooler,  than 
when  left  in  its  ordinary  condition,  he  at  once  transfers 
the  subject  to  the  hands  of  the  doctors.  "  I  shall  leave  to 
physicians,"  he  says,  "  what  advantages  may  be  derived 
from  a  knowledge  of  the  facts  they  establish,  in  taking 
measures  fur  the  preservation  of  the  he^ilth  of  Europeans 
who  quit  their  native  climate  to  inhabit  hot  countries. 
All  I  will  venture  to  say  on  the  subject  is,  that  were  I 
cidled  tu  inhabit  a  very  hot  country,  nothing  could  prevent 
me  from  making  the  experiment  of  blackening  my  skioy 
or  at  lea^t  of  wearing  a  black  shirt,  in  the  shade,  and 
especially  at  night ;  in  order  to  find  out  if,  by  these  means,  I 
could  not  contrive  to  make  myself  more  comfortable.'* 
He  had  a  strong  belief — at  bottom  a  healthy  one,  but 
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aeediog  coatrol — in  the  fitness  of  things,  as  established 
by  experience.  'Several  of  the  savage  tribes,*  he  says, 
*  which  inhabit  very  cold  countries  besmear  their  skins 
with  oil,  which  gives  them  a  shining  appearance.  The 
lays  of  light  are  reflected  copiously  frnm  the  surface  of 
their  bodies.  May  not  the  &igori6c  rays,  which  arrive  at 
the  surface  of  their  akin,  be  also  reflected  by  the  liighly 
polished  surface  of  the  oil  with  which  it  is  covered  ?  If 
that  should  l)e  the  case,  instead  of  deapiniug  these  poor 
creatures  for  their  attachment  to  a  useless  and  loathsome 
habit,  we  should  be  disposed  to  admire  their  ingenuity, 
or  rather  admire  and  adore  the  goodness  of  their  invisible 
Guardiaa  and  Instructor,  who  teaches  them  to  like,  and 
to  practise  what  may  be  useful  to  them.* 


RECIPROCITT    OP    BADJATION    AKD    ABSOBPTION. 

One  of  the  most  interesting  poinU  connected  with  our 
present  subject  is  the  reciprocity  which  exists  between  the 
power  of  a  Ijody  to  communicate  motion  to  the  etlier,  or  to 
radiate ;  and  its  power  to  accept  motion  from  the  ether, 
or  to  absorb.  As  regards  radiation,  we  have  already 
compared  lampblack  and  whiting  with  metallio  surfaces  ; 
we  will  now  compare  the  same  substances,  with  refereuco 
to  their  powers  of  absorption.  Of  these  two  sheets  of  tin, 
M  19,  o  p  (fig.  95],  one,  o  f,  is  coated  with  whiting,  and 
the  other,  u  K,  left  uucoated ;  I  place  them  parallel 
to  each  other,  and  at  a  distance  of  about  two  feet  asunder. 
To  the  upper  edge  of  each  sheet  is  soldered  a  screw,  and 
between  the  two  screws,  from  one  sheet  to  the  other  passes 
a  copper  wire,  a,  6.  At  the  back  of  each  sheet  is  soldered 
one  end  of  a  little  bar  of  bismuth,  to  the  other  end,  e,  of 
wliich,  a  wire  is  attached,  terminated  by  a  binding  screw. 
With  these  two  binding  screws  are  connected  the  two 
ends  of  the  wire,  coming  from  the  galvanometer  beyond  a. 
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You  observe  tbat  we  have  now  an  unbroken  metuUio 
oirouit,  in  which  the  galvanometer  is  included.  Ac- 
quainted as  yo\i  are  with  the  thermo-pile,  you  doubtlesa 
know  already  what  the  bibTQuth  bars  are  intended  for. 
The  bismuth  and  the  tin  in  each  case  constitute  a  thermo- 
electric couple.  When  the  warm  finger  is  placed  for  a 
moment  opposite  to  this  left-hand  junction,  «,  a  current  is 
developed  which  passes  from  the  bismuth  to  the  tin,  thenoe 

Fio.  ftA. 


from  a  to  6  through  the  wire  connecting  the  two  sheet*, 
thence  through  the  tin  to  the  other  junction,  thence  round 
the  galvanometer,  and  back  to  the  point  from  which  it 
started.  The  needle  moves  throngh  a  large  arc ;  the  red 
end  going  towards  you.  Placing  my  finger  against  the 
other  junction,  a  deflection  in  the  opposite  direction  is 
the  consequence.  When  the  finger  is  withdrawn,  the 
junctions  cool,  and  the  needle  sinks  to  zero. 
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Exactly  midway  between  the  two  aheets  of  tin,  is  set 
a  stand  on  which  ia  placed  a  hcat«d  copper  ball,  which 
radiates  against  both  sheets.  On  the  right, however, the  rays 
strike  upon  a  coated  surface,  while  on  the  left  they  strike 
upon  a  naked  metallic  one.  If  both  em'faces  absorbed 
equally  the  radiant  heat — if  both  accepted  \vith  equal 
freedom  the  motion  of  the  etherejil  waves — the  bismuth 
jimctions  at  the  liacks  would  be  equally  warmed,  and 
one  of  them  would  neutralise  the  otlier.  But  if  one 
surface  absorb  more  freely  than  the  other,  a  deflection 
of  the  galvanometer  needle  will  occur,  the  direction  of 
which  will  tell  us  which  is  the  beet  absorber.  The  ball  ifl 
now  upon  the  stand,  and  the  prompt  and  ener^tic  motion 
^^H  of  the  needle  informs  us  that  the  coated  surface  is  most 
^^V  heated.  In  the  same  way  I  compare  lampblack  and 
W  varnish  with  tin,  and  find  the  two  former  to  be  by  far  the 
■        best  absorbers. 

I  The  thinnest  metallic  film  furnishes  a  powerful  de- 

I  fence  against  the  absorption  of  radiant  heat.  Coating  the 
^^H  back  of  a  sheet  of  '  gold  paper  * — rthe  gold  being  merely 
^^V'oopper  reduced  to  great  tenuity — with  the  red  iodide  of 
mercury,  I  lay  the  paper  flat  on  a  board,  with  the  coloured 
soriace  downwards.  On  its  upper  metallic  surface  are 
pasted  pieces  of  paper  so  as  to  form  a  complicated  patiom. 
1  now  j>as8  a  red-hot  spatula  several  times  over  the  sheet 
without  touching  it ;  the  spatula  radiates  strongly  against 
the  efaeet,  but  ita  rays  are  absorbed  in  very  diflferent  degrees. 
The  metallic  surfiice  absorbs  but  little,  and  ia  but  little 
heated;  the  paper  smfaces  absorb  greedily  and  become 
very  liot.  On  turning  up  the  sheet,  you  see  tliat  the 
iodide  underneath  the  metallic  portion  is  perfectly  un- 
changed, while  under  everj'  bit  of  paper  tiie  colour  is  dis- 
charged. This  is  a  well-known  effect  of  heat  on  the  iodide 
of  mercury.  An  exact  copy  of  the  figures  pasted  on  tlie 
opper  surface  of  the  sheet  is  thus  formed.     For  another 
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example  of  the  Bame  kind,  I  am  indebted  to  Mr.  Hyde  Hills. 
The  radiant  heat  of  a  fire  impiDgcd  against  this  painted 
piece  of  wood  (fig.  96),  on  which  the  number  .338  wati 
piinted  in  gold-leaf  letters ;  the  paint  is  blisterfd  and 
charred  all  round  the  letters,  but  underneath  the  letters 
both  wood  and  paint  are  quite  unoflfected.     This  thin  film 

Km.  06. 


of  gold  proved  quite  eufficient  to  prevent  the  absorp- 
tion, to  which  the  destruction  of  the  surrounding  aurfaca 
is  due. 


DUTnEnuANcni'.    uelloms  beseauches. 

The  luminiferous  ether  fills  stellar  Fpace;  it  makes 
the  universe  a  whole,  and  renders  possible  the  intercom- 
munication of  light  and  energy  between  star  and  star. 
But  the  subtle  substance  penetrates  farther;  it  surrotmdi 
the  very  atoms  of  solid  and  liquid  substances.  Transparent 
bodies  are  those  which  are  so  related  to  the  ethfer  that  the 
waves  of  light  can  pass  through  them  without  transference 
of  motion  to  their  atoms.  In  coloured  bodies,  certain  waves 
are  absorbed;  but  those  wljich  give  the  body  its  colour 
pass  without  absorption.  Through  a  solution  of  sulphate 
of  copper,  for  example,  the  blue  waves  speed  unimpeded, 
while  the  red  waves  are  destroyed.     When  a  luzntnoui 
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I  beam  id  ^nt  tiirottgh  this  solution,  the  red  end  of  its 
f  spectrum  is  cut  away,  fied  glass,  on  the  contrary,  owes 
its  colour  to  the  &ct  that  its  substance  can  be  traveled 
freely  by  the  longer  undidations  of  red,  while  the  shorter 
waves  are  absorbetL  Placed  in  the  path  of  the  light,  it 
leaves  merely  a  vivid  red  band  upon  tbescreen.  Tlie  blue 
lic^uid,  then,  cut-off  the  rays  transmitted  by  the  red  glass; 
and  the  red  glass  cuts  o£f  those  transmitted  by  the  liquid  ; 
by  the  union  of  both  we  ought  to  have  perfect  opacity,  and 
eo  we  have.  When  both  are  placed  in  the  path  of  the 
beam,  the  entire  spectrum  disappears  ;  the  union  of  the 
two  partially  transparent  bodies  producing  an  opacity, 
equal  to  that  of  pitch  or  metaL 

A  solution  of  the  permanganate  of  potash  placed  in  the 
path  of  the  beam  permits  the  two  ends  of  the  8i>ectrum  to 
pass  freely  through ;  we  have  the  red  and  the  blue,  but 
between  both  a  space  of  intenBe  blackness.  The  yellow  of 
the  spectrum  is  pitilessly  destroyed  by  this  liquid.  Hence 
its  gorgeous  colour.  Projecting  a  disk  of  white  light  two 
feet  in  diameter  upon  the  screen,  I  place  a  flat  cell  con- 
taining the  permanganate  in  the  path  of'  the  beam. 
Notliing  could  be  more  splendid  than  the  purple  of  that 
disk.  Turning  the  lamp  obliquely,  and  introducing  uprism, 
the  blue  component  of  the  colour  slides  away  from  the  red. 
You  see  two  disks  which  overlap  in  the  centre,  and  exhibit 
there  the  tint  of  the  composite  light  which  passes  through 
the  liquid. 

Thus,  as  regards  the  waves  of  light,  bodies  exercise,  as 
it  were,  an  elective  power,  singling  out  certain  waves  for 
destruction,  and  permitting  others  to  pass.  Transparency 
to  waves  of  one  length  does  not  imply  transparency  to 
waves  of  another  length,  and  from  this  we  might  reason- 
ably infer,  that  traus|jarency  to  light  does  not  necessarily 
imply  transparency  to  radiant  heat.  This  conclusion  can 
be  veriBed  by  experiment.     To  do  bo  a  tin  screen,   u  n 
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(fig.  97),  is  pierced  by  an  aperture,  behind  which  is  sol- 
dered a  small  stand  8.  A  copper  ball,  B,  heatped  to  dull 
redness,  is  placed  on  a  proper  stand,  on  one  side  of  the 
sc^en.  Ou  the  other  side  is  placed  the  thermo-pile,  p; 
thfc  rays  from  the  ball  now  pass  through  the  aperture  and 
fall  upon  the  pile.  The  needle  moves,  and  finally  comes 
to  rest  with  a  steady  deflection  of  80°.     I  place  a  glass 
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« 


cell,  a  quarter  of  an  inch  wide,  filled  vf'ith  distilled  water, 
on  the  stand  s,  so  thai  all  rays  reaching  the  pile  miuit 
pass  through  the  water.  What  takes  place  ?  The  needle 
steadily  sinks  to  zero  ;  scarcely  a  ray  from  the  hot  ball 
can  cross  the  water ;  though  so  extremely  transparent 
to  light,  to  the  undulations  is8uing  from  the  ball  the 
water  is  practically  opaque.  Before  removing  the  cell 
ff  water,  I  place  behind  it  a  similar  cell,  containing 
transparent  bisulphide  of  carbon ;  so  that  when  the 
water-<;ell  is  removed,  the  aperture  shall  still  be  barred 
by  the  new  liquid.  AVhat  occurs?  The  needle  prompt ly 
moves  upwardt^,  and  describes  a  large  arc ;  so  tliat  tho 
selGsame  rays  which  found  the  water  impenetrable,  find 
easy  access  through  the  bisulphide  of  carbon.    In  the 
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same  w&y,  when  alcohol  la  compared  with  chloride  of 
phosEpborus,  we  tind  the  former  almost  opaque  to  the  raya 
emitted  by  our  warm  ball,  while  tbc  latter  pormitfl  them 
to  pass  freely. 

Similar  diSerences  are  observed  among  solid  bodiffl. 
A  plate  of  very  pure  glass  is  now  placed  on  the  stand  s, 
and  for  the  hot  ball  we  substitute  a  cube  containing  hot 
vrater.  No  movement  of  the  needle  is  perceptible.  Dis- 
placing the  plate  of  glass  by  a  plate  of  rock-salt  of 
much  greater  thickness,  the  needle  promptly  moves,  until 
arrested  by  its  stops.  To  these  rays,  then,  rock-salt  is 
eminently  transparent,  while  glass  is  practically  opaque  to 
them. 

For  these,  and  numberless  similar  results,  we  are  in- 
debted to  Melloui,  who  enormously  augmented  our  know- 
ledge of  the  transmission  of  radiant  heat  through  solids 
and  liquids.  To  express  this  power  of  tnwismjssion,  ho 
proposed  the  word  dlathej'mancy.  Diathermancy  then 
bears  the  same  relation  to  radiant  heat  that  transparency 
does  to  light.  Instead  of  giving  you,  at  this  stage  of  our 
inquiries,  determinations  of  my  own  .if  the  diathermancy 
of  solids  and  liquids,  I  will  make  a  selection  from  the 
tables  of  the  eminent  Italian  philosopher  just  referred  to, 
Iq  these  determinations,  Melloni  used  four  different  sources 
of  heat:  the  flame  of  a  Locatclli  lamp;  a  spiral  of  plat- 
inum wire,  kept  incandescent  by  the  flame  of  an  alcohol 
lamp  ;  a  plate  of  copper  heatal  to  400°  Cent.,  and  a  plate 
of  copper  heated  to  100°  Cent.,  the  last-mentioned  source 
being  the  surface  of  a  copper  cube,  containing  boiling 
water.  The  experiments  were  made  in  the  following 
manner : — First,  the  radiation  of  the  source,  that  is  to  say 
the  galvanoraetric  deflection  produced  by  it,  was  deter- 

icd,  when    nothing   but    air   intervened   between  the 

e  of  heat  and  the  pile.    Tliis  deflection  expressed  the 

total  radiation.     Then  the  substance  whose  diathermancy 
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1 

was  to  be  examinerl  was  introduced,  and  the  consoquont 

deflection  uoted ;  this  detlectioQ  ezpreseed  the  quantity 

of  heat  transmitted  by  the  stibstance.     Calling  the  total 

radiation  100,  the  proportionate  quantities  transmitted  by 

twenty-five  diflfereut  substances  are  i^iven  in  the  annexed 

table. 

• 

TmmLlMicmB',  |HPOSBtH(i of  tiu total 

MfttDS  of  Sah^taaom—niond  to  ■ 

(MndOln) 

LocolelU 

dwtU 
riatinnm 

*^a" 

1«»0. 

1  Boek-BBll    .... 

9S-3 

923 

02-3 

n-s 

3  StdlioD  salphnr  . 

74 

77 

60 

64 

8  FlaorirpAr  .... 

72 

69 

42 

83 

4  Bcrjl 

64 

23 

IS 

0 

A  loetaud  «par 

SO 

28 

0 

0 

«  Olew 

39 

24 

6 

0 

7  Rock-crfrtal  (cl«ar)     . 

38 

28 

6 

3 

8  Snokf  qiuuru 

87 

28 

8 

8 

9  CbronuOo  of  potash 

34 

28 

16 

0 

10  Wbit«to|)u 

83 

24 

4 

0 

1 1  C&rbuDAta  of  lead 

82 

28 

4 

0 

12  Su]pUaUofbarjta 

24 

18 

8 

0 

13  FeUpar       .... 

23 

19 

S 

0 

14  AitKith^t(n'olet) 

31 

g 

3 

0 

15  Artifleud  aabnr  . 

31 

6 

0 

0 

Id  BiintooftrxU     . 

18 

13 

B 

0 

1 ;  Tonrm&IiiM  (doep  greeo)      . 

18 

18 

S 

0 

18  Cuniinoti  ^ta 

18 

3 

0 

l> 

19  SttleniU       .... 

14 

6 

0 

0 

20  Citric  acid  .... 

11 

2 

0 

0 

21  TiLTtnt*  of  potash 

11 

3 

0 

0 

23  Natural  amber     . 

11 

6 

0 

0 

33  Alam 

• 

2 

Q 

0 

24  Sognr-ouidj 

$ 

1 

0 

0 

26  Jot      

« 

06 

0 

« 

This  table  shows,  in  the  first  place,  what  very  differeot 

1           transmissive    powers  diGTerent  solid   bodies   possess.     It      1 

1            shows   us   also  that,   with   a   single  exception,  tlie   dia-       1 

B           thennancy  of  the  bodies  mentioned  varies  with  the  source       1 

B^      of  the  beat.      Rock-salt,  only,  is  equally  transparent  to        | 

^^B     heal  from  the  four  source 

-  "—""-  J 

.J 
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mind  that  the  light-rays  are  also  heat-raja ;  that  the  self- 
cune  ray,  falling  upon  the  nerre  of  vision,  produces  the 
impression  of  light ;  whiles  impinging  upon  other  nerves 
of  the  hody,  it  produces  the  impression  of  heat.  The 
_  light-rays  have,  however,  a  shorter  wave-length  than  the 
Dbecure  heat-rays :  and  knowing,  as  we  do,  how  differently 
ftves  of  different  lengths  and  periods  are  ahsorhed  by  bodies, 
ire  are  in  a  measure  prepared  for  the  results  of  the  foregoing 
table.  Thus  while  glass  of  the  thickness  here  specified 
permits  39  per  cent,  of  the  rays  of  Locatelli*s  lamp  and 
24  per  cent,  of  the  rays  from  the  incandescent  platinum 
to  pass,  it  transmits  only  6  per  cent,  of  the  rays  from  a 
source  of  400°  C,  while  it  is  absolutely  opaque  to  all  rays 
emitted  from  a  source  of  100**  C.  We  also  see  that  limpid 
ice,  so  highly  transparent  to  light,  transmits  only  6  per 
cent,  of  the  rays  of  the  lamp,  and  0-5  per  cent,  of  the 
rays  of  the  incandescent  platinum,  while  it  cuts  off  all 
rays  issuing  from  the  other  two  sources.  We  have  here 
an  intimation,  that  by  far  the  greater  portion  of  the  rays 
emitted  by  the  lamp  of  Locatelli  mu^t  1>e  obscure.  Lumi- 
nous rays  pass  through  ice,  of  the  thickness  here  given, 
without  sensible  absorption,  and  the  iact  that  94  per  cent, 
of  the  rays  issuing  from  Locatelli's  flame  are  destroyed  by 
the  ice,  proves  that  this  proportion  of  these  rays  has  no 
light-giving  power.  As  regards  the  influence  of  trans- 
parency, clear  and  smoky  quartz  are  very  instructive. 
Here  are  two  !3ul)stances,  one  perfectly  pellucid,  the  other 
a  dark  brown  ;  still,  for  the  luminous  rays  only  do  tliese 
two  specimens  show  a  difference  of  transmission.  Tho 
clear  quartz  transmits  38  per  cent.,  and  the  smoky  quartz 
37  per  cent,  of  the  rays  from  the  lamp,  while,  for  the 
other  three  sources,  the  transmissions  of  l>oth  substances 
are  identical. 

Melloni  supposed  rock-salt  to  be  perfectly  transparent 
to  all  kinds  of  calorific  rays,  the  7*7  per  cent,  less  than  a 
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hundred  which  the  foregoing  tiible  exhibits,  (teiog  due, 
not  to  abiwrption,  but  to  reflection  at  the  two  surfaces  of 
the  plute  of  salt.  But  the  accurate  experiineDte  of  ACM. 
de  la  Provostaje  and  Desains  prove  that  this  subulance  is 
permeable  in  different  degrees  to  heat  of  different  kinds ; 
while  Mr.  Balfour  Stewart  has  ahown  that  rock-salt  is 
particularly  opaque  to  rays  isduiug  from  a  heated  piece  of 
the  bame  substance.  We  shall  return  to  this  important 
subject. 

In  the  following  table,  which  is  also  taken  from 
Mellani,  the  trantimisaions  of  nineieeu  ditTereut  liquids 
are  given.  The  source  of  heat  was  an  Argand  lamp, 
furnished  with  a  glass  chituney,  and  the  liquids  were 
enclosed  in  a  cell  with  glairs  sides,  the  thickness  of  the 
liquid  layer  being  9*21  millimetres,  or  0*36  of  an  inch. 
Liquids  are  here  shown  to  be  as  diverse  in  their  powers 
of  transmission  ns  solids:  and  it  is  also  worthy  of  remark, 
that  water  maintains  its  position  as  regards  opacity,  not- 
wiibHtanding  the  change  in  its  state  of  aggregation. 


2(»iiu»oCLI<iDlda;  thlrlmft,  frte  In. 


1  Bistilphida  of  cnrbon   . 

2  llichloriilo  nfnilphur  . 

8  rroLochloriile  of  phoflphonu 
4  GMcneo  of  turpantino  . 

6  Olirp  oil      . 

a  Nnphthn      .... 

7  E)«onco  of  InreDder     . 

8  Kulpliurk*  cthor.. 
0  Hulphnric  ni^iil     , 

10  H^nite  of  ammonia  . 

U  Nitric  a«id .... 

12  AlMTtlaU  nlrohfil. 

18  Hydrate  of  potash       .        . 

14  Acetic  aeii).         .         .         , 

16  Pyrolifrnootu  nei>I        . 

10  CoDccntratiKl  Dolutioa  of  ingar 

17  Boludoa  of  Toek-Kdt   . 

15  Whit«of^w      . 

19  Distillod  water    . 


TnimilaAoii ! 
ponxntaiee  of 
toutmUattn 


63 
63 
62 
31 
3» 
28 
S6 
31 
17 
lA 
16 

13 

12 
13 

la 
la 
n 
11 
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The  reciprocity,  wliioh  we  have  already  demonstiated 
between  radiation  and  aWrption,  in  ibc  case  uf  metals, 
varnishes,  &c.,  may  now  be  extended  to  the  bodies  con- 
tained in  Slelloni^s  tables.  One  or  two  illustrations,  taken 
from  an  extremely  suggestive  memoir  by  Mr,  Balfour 
Stewart,  will  be  sufficient.  In  this  copper  vejisel  water  is 
kept  in  a  state  of  gentle  ebullition.  On  the  flat  copper 
lid  of  the  vesgcl  are  laid  plates  of  glass  and  of  rock-salt, 

I  imtil  they  assume  the  temperature  of  the  lid.  When  the 
plate  of  heated  rock-salt  is  fixed  upon  a  stand,  in  front  of 
the  thermo-electric  pile,  the  deflection  produced  is  so  small 
as  to  be  scarcely  sensible.  When  a  plate  of  heated  glasa 
is  fixed  upon  the  stand,  the  needle  moves  through  a  large 
arc,  thus  conclusively  showing  that  the  glass,  which  is  the 
more  powerful  absorber  of  obscure  heat,  is  also  the  more 
powerful  radiator.  Alum,  unfortunately,  melts  at  a  teni- 
peratuio  lower  than  that  hero  made  use  of.  When  close 
to  its  point  of  fusion,  its  temperature  is  not  so  high  as 
that  of  the  glass,  still  you  can  see  that  it  tran;»ceuds  the 

iglass  as  a  radiator. 

Absorption  takes  place  within  the  absorbing  body,  a 
certain  thickness  being  requisite  to  efiect  the  absorption. 
This  is  true  of  both  light  and  radiant  heat.  A  very  thin 
stratum  of  pale  ale  is  almof^t  as  colourless  as  a  stratum  of 

.  water,  the  absorption  being  too  inconsiderable  to  pro- 
duce the  decided  tint  which  larger  masses  of  the  liquid 
exliibit.  When  distilled  water  is  poured  into  a  drinking 
glass,  it  exhibits  no  trace  of  colour  ;  but  an  experiment  is 
here  arranged  which  will  show  you  that  this  pellucid 
liquid,  in  sufficient  thickness,  has  a  very  decided  colour. 
This  tube  A  B  (fig,  98),  fifteen  feet  long,  is  placed  hori- 
zontally, its  ends  being  stopped  by  pieces  of  plate  glass. 
At  one  end  of  the  tube  stands  an  electric  lamp,  l,  from 
which  a  cylinder  of  light  will  be  sent  through  the  tube. 
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It  is  now  half  filled  with  water,  the  upper  surface  of 
which  cuts  the  tube  into  two  equal  parte  horizontally. 
Thui),  hulf  of  the  beam  will  pass  through  air,  and  half 
through  water;  while  with  a  lens,  c,  a  mngni6ed  image  of 
the  adjacent  end  of  the  tube  is  projected  on  the  screen. 
Vou  see  the  ima^e,  o  p,  compoeed  of  two  semicirt'le^'i,  one 
formed  by  the  light  which  has  passed  through  the  water, 
the  other  by  the  light  which  has  passed  through  the  air. 
Placed  thus,  side  by  side,  you  can  accnrately  compare 
them,  and  you  notice  that  while  the  air  semicircle  is  a 
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piure  white,  the  water  semicircle  is  a  bright  and  delicate 
blue-green.  Thus,  by  augmenting  the  thickness  through 
which  the  light  has  to  pass,  we  deepen  the  colour;  proving 
thereby  tliat  the  destruction  of  the  light  occurs  within  the 
absorbing  body,  and  that  it  is  not  an  efiect  of  surface 
merely. 

Melloni  showed  the  same  to  be  true  of  radiant  heat. 
In  his  experimentiii,  already  recorded  at  page  30H,  the  tliick- 
ness  of  the  plates  used  was  2-6  millimetres,  but  by  render- 
ing the  plate  tliinncr,  he  enabled  a  greater  quantity  of 
heat  to  get  through  it,  Tho  following  table  shows  the 
inHuence  of  thiokaesfi  on  the  transmissive  power  of  a  plate 
of  glaaa. 
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Pktimiin 

Uop9crftt400*C. 

OoppttMlOtPO. 

38 
007 

IB 

7T 

24 

87 
fi7 

6 

34 

0 

I 
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Thus,  we  see  that  by  dimmUhing  the  thickness  of  the 
plate  from  2*6  to  0*07  millimetres,  the  quantity  of  heat 
transmitted  rises,  in  the  case  of  the  lamp  of  Locatelli, 
from  39  to  77  per  cent, ;  in  the  cose  of  the  incandasceot 
platinum,  from  24  to  57  per  cent. ;  in  the  cose  of  copper 
at  400"  C,  from  6  to  34  per  cent. ;  and  in  the  case  of 
copper  lit  100°  C,  from  absolute  opacity  to  a  transmiB^on 
of  1 2  ppr  cent. 

The  influence  of  the  tbickneas  of  a  plate  of  seleniteoQ 
the  quantity  of  heat  which  it  transmits,  is  exhibited  in  the 
following  table  i — 
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Tliese  experiments  prove  conclusively  that  tlie  absorption 
of  heat  takes  phice  within  the  body,  and  ifl  not  a  surface 
uction. 

To  reach  its  maximum,  radiation  must  also  come  fiom 
a  certain  depth.  Beginning,  for  instance,  with  a  thin 
hiyer  of  varni:§b  on  a  metallic  surface,  Kumford  found  the 
radiation  augmented  by  the  application  of  a  second  and  a 
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third  layer.    Tlie  varnish,  therefore,  is,  to  some  extent, 
transparent  to  its  own  radiation. 


SIFTUia    OF   RADIANT    UBAT. 

The  decomposition  of  the  solar  beam  produces  the 
Bolar  spectrum ;  luminous  in  the  centre,  thermal  at  one  end, 
and  chemical  at  the  other.     The  sun  is,  therefore,  a  source 
of  heterogeneous  rays,  and  there  cannot  be  a  doubt  that 
all  ordinary  sources  of  beat,  luminous  and  obscure,  par- 
take of  this  heterogeneity.     In  general,  when  such  mixed 
rays  enter  a  diathermic  substance,  some  are  intercepted, 
others  permitted  to  pass.     Supposing,  then,  that  we  take 
a  sheaf  of  calorific  rays,  which  have  already  passed  through 
a   diathermic  plate,   and   permit   them   to   fall    upon   a 
second  plate  of  the  same  material,  the  transparency  of  this 
second  plate  to  the  heat  incident  upon  it-,  must  he  greatera 
than  the  transparency  of  tlie  first  plate  to  the  heat  incident] 
on  */.     The  first  plate,  if  sufficiently  thick,  lias  already  eiJ 
tinguitihed,  in  great  part,  the  rays  which  the  substance  is 
capablt:  of  absorbing;  and  the  residual  rays,  as  a  matter  , 
of  courdc,  pass  freely  through  a  second  plate  of  the  sam€ 
substance.     The  original  beam  is  ai/ted  hy  the  first  plat^^J 
and  the  purified  beam  posfietises,  for  the  same  sulwtance^  a 
higher  penetrative  power  than  the  original  beam. 

This  power  of  penetration  has  usually  been  taken 
aaa  test  of  the  quality  of  heat;  the  heat  of  the  purified 
beam  is  said  to  be  different  in  quality  from  that  of  the 
unpurified  beam.  It  is  not,  however,  that  any  individual 
ray  or  wave  has  changed  its  character,  but  that  from  the 
beam,  as  a  whole,  certain  constituents  have  been  with- 
drawn ;  and  that  this  withdrawal  has  altered  the  propor- 
tion of  the  incident  lieai  tmusmitte<]  by  a  second  substance. 
Thifl  is  the  true  meaninyi:  of  the  term  '  quality,*  as  here 
applied  to  radiant  heat.     Tn  the  path  of  the  lieam  from  a 
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lamp,  Let  plates  of  lock-Kilt,  alum,  bichromate  of  potaali, 
aad  seleoite  be  successively  placed,  each  phite  2-6  xuilli- 
metres  in  thickncM;  let  the  heat  emergent  from  each 
plate  fall  upon  a  second  plate  of  the  same  substance; 
out  of  every  hundred  units  of  this  heat,  the  following 
proportions  are,  according  to  Melloni,  transmitted : — 


Kock-siLlt 

.     03-3 

Alum      .        .        . 

.    DO 

Chionuto  of  potash . 

.    71 

Selenito  . 

.    91 

Referring  to  the  table,  p.  308,  we  find,  that  of  the 
nhole  heat  emitted  by  the  Locatelli  lamp,  only  34  per 
ceuL  is  transmitted  by  the  chromatc  of  potash ;  here  we 
6ud  the  percentage  71.  Of  the  entire  rurliation,  selenite 
transmits  only  14  per  cent.,  but  of  the  beam  which  has 
been  purified  by  a  plate  of  its  own  substance,  it  transmits 
91  per  cent.  The  same  remark  applies  to  the  alum, 
which  transmits  only  9  per  cent,  of  the  impurified  beam, 
and  90  per  ceut.  of  the  piu-i5ed  beam.  In  rock-salt,  on 
the  contrary,  the  transmissions  of  tlic  siftod  and  unsifted 
beam  are  the  same,  because  the  substance  is  equally 
transparent  to  rays  of  all  the  qualities  here  employed. 
In  theee  cases,  I  have  supposed  tlie  beam  emergent  from 
rock-salt  to  pass  though  rock-salt;  the  Ixyira  emergent 
from  alum  to  pass  through  alum,  aud  so  uf  tlie  others ; 
but,  as  might  be  expected,  the  sifting  of  the  beam  by 
any  substance,  will  alter  the  proportion  in  which  it 
will  be  trauiimitted  by  almost  any  other  second  substance. 

I  will  conclude  these  observations  with  an  experiment 
which  will  show  you  the  influence  of  sifting,  in  a  very 
striking  manner.  Here  is  an  air-thermometer  with  a  clean 
glass  bulb,  and  so  sensitive  that  the  slightest  touch  of  the 
hftnd  causes  a  depression  of  the  thcrmomctric  column. 
Converging  the  rays  from  our  electric  lamp  on  the 
bulb  of  that  thermometer,  the  air  within  it  is  traversed 
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by  a  beam  of  intense  power ;  bub  not  the  slightest 
depression  of  the  thermomebrio  column  is  discernible. 
M'^hen  this  eipcriment  was  first  shown  to  a  person  here 
present,  he  almost  doubted  the  evidence  of  bis  senses  ;  but 
the  explanation  is  simple.  The  beam,  before  it  reaches 
the  bulb,  is  already  sifted  by  the  glass  lens  used  to  con- 
centrate it ;  and  having  passed  through  12  or  14  feet  of 
air,  it  contains  no  con&tituont,  which  can  be  eensibly  ab- 
sorbed by  the  air  within  the  bulb.  Hence,  the  puriBed  l;eam 
passes  through  both  air  and  glass,  without  warming  either. 
It  is  competent,  however,  to  warm  the  thermopile,  whose 
exposure  to  it,  for  a  singlo  instant,  drives  the  galvano- 
meter needle  violently  aside.  Covering,  moreover,  with 
lampblack  the  portion  of  the  glass  bulb  struck  by  the 
beam,  tlie  heat  is  absorlied,  tlie  air  expands,  and  the 
thcrmometric  column  is  forcibly  depppsscd. 

We  use  glass  6re-screens,  wliich  allow  the  pleasant 
light  of  the  fire  to  pass,  while  they  cut  off  a  large  portion 
of  the  beat ;  the  reason  is,  that  by  far  the  greater  part  of 
the  heat  emitted  by  a  fire  is  obscure,  ond  to  this  the  glass 
is  opaque.  But  in  no  case  is  there  any  loss.  The  heat 
absorbed  by  the  glass  warms  it ;  the  motion  of  the  ethereal 
waves  is  here  transferred  to  the  molecules  of  the  solid  body. 
But  you  may  be  inclined  to  urge,  that,  under  tbese 
circumstances,  the  glass  itself  ought  to  become  a  source  of 
beat,  and  that,  therefore,  we  ought  to  derive  no  l>enefit 
from  the  alisorption.  The  fact  is  so,  but  the  conclusion  is 
unwarranted.  The  pliilosophy  of  the  screen  is  this: — 
Let  r  (fig.  99)  be  a  point  of  a  fire,  from  which  the  riys 
proceed  in  straight  lines,  towards  a  person  at  P.  Before 
the  screen  is  introduced,  each  ray  pursues  its  course  direct 
to  p;  but  now  let  a  screen  be  placed  at  S.  The  screen 
intercepts  the  heat,  and  becomes  warmed ;  but  instead  of 
sending  on  the  rays  in  their  original  direction  only,  it,  aa 
a  warm  body,  emits  them  in  aU  diritctif>na.     Hence,  it 
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cannot  transmit  to  the  person  at  p  all  the  h&it  intercepted. 
A   portion    of    the    lieat   is   restored,   but    by    far   the 
greiter  part  ia  diverted  from  r,  and  distributed  in  other 
'  directions. 

Where  the  waves  pursue  their  way  unab^orbed,  no 
motion  of  heat  is  imparted,  as  we  h:ive  seen  in  the  case  of 
the  air  thermometer.  A  joint  of  meat  might  be  roasted 
before  a  fire,  with  the  air  around  the  joint  as  oold  as  ice. 
The  air  on  high  mountains  may  be  intensely  cold,  while  a 
burning  sun  is  overliead  ;  the  solar  ruys  which,  striking  od 
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(he  human  skin,  are  almost  intolerable,  are  incompetent  to 
heat  the  air  sensibly,  and  we  have  only  to  wilbdraw  into 
perfect  shade,  to  feel  the  chill  of  the  atmosphere.  I  never, 
lOD  any  occasioni  suifered  bo  much  from  solar  heat,  as  in 
descending  from  the '  Corridor  *  to  the  Grand  Plateau  of 
Mont  BUinc,  on  August  13,  1857.  Though  Mr.  Hirst  and 
myself  were  at  the  time  hip  deep  in  snow,  the  sun  blaze<I 
against  us  with  unendurable  power.  Immersion  in  the 
shadow  of  the  Dome  du  Gout^  at  once  changed  our 
feelings  ;  for  here  the  air  was  at  a  freezing  tcmperatur**. 
It  was  not,  however,  sensibly  colder  than  the  air  through 
which  the  sunbcjims  passed  ;  and  we  suffered,  not  from  the 
contact  of  hot  air,  but  from  radiant  heat,  which  had 
reached  us  through  an  icy  cold  medium. 

Th«  beams  of  the  sun  penetrate  glass  without  sensibly 
16 
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beating  it ;  the  reaaoa  is,  that  having  passed  tfaroiigli 
oar  atmosphere,  the  heat  has  been  in  a  great  measure 
deprived  of  those  constituents  liable  to  be  absorbed  bj 
glass.  An  experiment  wai»  made  on  a  former  occasion, 
which  you  will  now  completely  undertttand.  A  beam  was 
sent  from  the  electric  lamp  through  a  plate  of  ice,  without 
melting  it.  The  beam  had  been  previously  sifted  by 
sending  it  through  a  vessel  of  water,  in  which  the  heat 
capable  of  being  absorbed  by  the  ice  was  lodged,  and 
lodged  so  copiously,  that  the  water  was  raised  almost  to 
the  boiling  point  during  the  experiment.  It  is  here 
worthy  of  remark,  that  the  liquid  water  and  the  solid 
ice  appear  to  be  pervious  aud  impervious  to  the  same 
rays ;  the  one  may  be  used  as  a  »ieve  for  the  other :  u 
result  which  indicates  that  the  absorption  is  not  inBuenced, 
in  this  case,  by  the  difference  of  aggregation.  It  is  easy 
to  prove  that  the  beam  which  has  traversed  ice  without 
melting  it,  is  really  a  calorific  beam.  Allowing  it  to  fall 
upon  our  thermo-electric  pile,  it  causes  the  needle  to 
move  with  energy  bo  its  stops. 

When  the  calorific  waves  are  intercepted,  they  usually 
raise  the  temperature  of  the  body  by  which  they  are 
absorbed ;  but  when  the  absorbing  Ixxiy  is  ice,  at  a  tem- 
perature of  32°  Fahr.,  it  is  impossible  to  raise  its  tempera- 
ture. How,  then,  does  the  heat  absorbed  by  the  ice  employ 
itself?  It  produces  internal  liquefaction,  taking  down 
the  crystalline  atoms,  and  forming  those  beautiful  liquid 
Bowers  shown  to  you  on  a  former  occasion. 
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We  have  seen  that  traosparenoy  is  not  at  all  a  test  i 
diathermancy;  that  a  body,  highly  transparout  to  the 
luminous  undulations,  may  be  highly  opaque  to  the  non- 
luminous  ones.     A  body  may,  as  we  have  already  seen,  be 
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absolutely  opaque  to  light,  and  still,  in  a  considerable 
degree,  transparent  to  heat.  The  convergent  beam  of  the 
electric  lamp  now  marks  its  course  through  the  dust  of 
the  room :  you  see  the  point  of  convergence  of  the  beam,  at 
a  distance  of  fifteen  feet  from  the  lamp.  Let  ua  mark  that 
point  accurately.  This  plate  of  rock-salt  is  coated  so 
thickly  mth  the  soot  of  a  smoky  flame  that  the  light, 
not  only  of  every  gaa  lamp  in  this  room,  but  the  electric 
light  itself^  is  cut  off  by  it.  Placing  this  plate  of  smoked 
salt  in  the  path  of  the  beam,  the  light  is  intercepted,  but 
the  mark  enables  me  to  find  the  place  vhere  the  focus  fell. 
I  place  the  pile  at  this  point :  you  see  no  beam  falling 
on  it,  but  the  violent  action  of  tlie  needle  instantly 
reveals  to  the  mind's  eye  a  focus  of  invisible  heat. 

You  might,  perhaps,  be  disposed  to  think  that  the 
heat  falling  on  the  pile  has  been  first  absorbed  by  the 
Boot,  and  then  radiated  from  it,  as  from  an  independent 
source.  Melloni  has  removed  every  objection  of  this  kind ; 
but  not  one  of  his  experiments  is,  I  think,  more  con- 
clusive, as  a  refutation  of  the  objection,  than  that  now 
performed  before  you.  For  if  the  smoked  salt  were  the 
source,  the  rays  could  not  converge  here  to  a  focus,  the 
salt  being  o^  <At8  aide  of  the  converging  lens.  You  also 
see,  that  when  the  pile  is  displaced  a  little,  laterally,  but 
still  turned  towards  the  smoked  salt,  the  needle  siuk^  to 
zero.  The  heat,  moreover,  falling  on  the  pile,  is,  as  shown 
by  Melloni,  practically  independent  of  the  position  of  the 
plate  of  rock-salt ;  you  may  cutoff  the  beam,  at  a  distance 
of  fifteen  feet  from  the  pile,  or  at  a  distance  of  one  foot : 
the  result  is  sensibly  the  same,  which  could  not  be  the 
.  case,  if  the  smoked  salt  itself  were  the  source  of  the  radia- 
tion. 

When  the  experimeut  is  repeated  with  black  glass, 
the  result  is  the  same.  Now,  the  glass  reflects  a  con- 
siderable portion  of  the  light  and  heat  from  the  lamp; 
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when  it  is  held  a  little  obliquely  to  the  beam  jou  can  see 
the  reflected  light.  While  the  glass  is  in  this  position, 
I  will  coat  it  with  a  layer  of  lampblack,  which,  thuA 
applied,  is  a  powerful  absorber.  Though  the  glass  plate 
now  stops  the  heat  which  a  moment  ago  passed  through  it, 
it  has  ceased  to  affect  the  pile,  and  the  needle  descends  to 
zero,  thus  furnishing  additional  proof  that  the  heat  which, 
in  the  first  place,  acted  upon  the  pile,  came  not  from 
the  glass  but  from  the  lamp,  crossing  the  opaque  substance 
as  light  traverses  a  transparent  one. 

Rock'-salt,  according  to  McUoni,  transmits  all  rays 
luminous  and  obscure ;  alum,  of  the  thickness  already 
given,  transmits  only  the  luminous  rays ; '  hence,  the 
difference  between  alum  and  rock-salt  ought  to  give  the 
value  of  the  obscure  radiation.  Tested  in  this  way, 
Melloni  found  the  following  proportions  of  luminous  tn 
obscure  rays,  for  the  following  three  sources : — 


SOIUfW 

Flame  of  oil  . 

locaiidBWfiDt  plAtinam  . 
Flume  of  alcohol    . 


lAmtooit  Otnoara 
.     20  90 

8  M 

I  M 


Thus,  of  the  heat  radiated  from  the  flame  of  oil,  90  per 
cent.;  of  the  heat  radiated  from  incandescent  platinum, 
98  per  cent. ;  while  of  the  heat  radiated  from  the  flame  of 
alcohol,  fully  99  per  cent,  is  due  to  the  obscure  emission. 


*  We  ilull  Bubeoqaimtly  learn  that  thU  ii  u 


ucr.  xn.       SADUTIOX  TOBOUGn  GA3£0L'S  MATX£R.      S21 


LECTURE  Xir. 


UBOSPTIOir   or   KKAT    BT    OAUOOa    MATTKK — AFTAHATOS   SM PLOT1CI>^ HABIT 
DCmCULTIB!!  —  DLATOBiUUKCr     OV    AIR      AKD     OF     TUH     TltA?niPAimvr 

BLnniiTAnT   oasm — athebkamct  or   ourtAicT  ois  Aini   or  oraaB 

COMromD  OAfltB  —  ABSORPTtOlC  OF  BAIIIAWT  HKAT  IIT  VAP(ttrK3  — 
KADUTIOlf  or  HKAT  DT  OASM — llEOPftOClTT  Of  KADUTIOX  MTD  AD- 
ROIIPnOK — INKLDIKTCB    O?    MiU.BCOlAB     COKSTITUTUIM    OIT    TH»    rASSAOB 

or  BAntAirr  rbat — TitAHiiMifiAtox  or  khat  Tinioctiii  oi-aqub  »ddiis — 
SBAT-SFScnmc  DvrAcmiD  rnoK  Liriirr-aPBCTQCx  by  am  oPAurs  vtasM 

— KADIATIOir   THKODUII   AIR. 


RADIATION    THUOOGIT    Ain. 

WE  liave  now  cxamiacd  the  diathermancy,  or  trans- 
parency to  heat,  of  BoUd  and  liquid  bodies ;  and 
have  iearoed  that*,  closely  as  the  atoms  of  such  bodies  are 
packed  together,  the  interstitial  spaces  between  the  atoms 
offer  in  many  casca  a  free  pajjsa;j^e  to  the  ethereal 
nndulations.  In  othor  caaes,  however,  we  found  that 
tlie  atoms  stopped  the  waves  of  hnat  which  impinged 
upon  them  ;  but  that  in  so  doing,  they  themselves  became 
centres  of  heat-motion.  Prior  to  the  spring  of  1859  our 
knowledge  was  limited  to  the  action  of  solid  and  liquid 
bodies  on  radiant  heat,  no  single  successful  expfiriment 
having  "been  previously  made  on  matter  in  the  gaseous 
state  of  aggregation.  The  domain  opened  up  for  tlie  first 
time  in  1859  we  enter  to-day,  and  in  it  for  the  fiiture  our 
inquiries  are,  in  great  part,  to  he  conducted. 
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In  gaseous  bodies  tbe  interatomic  spaces  are  so  vastly 
au^entcd,  compared  with  those  of  liquids  and  solids-— the 
molecules,  moreover,  are  so  completely  released  from  all 
mutual  entanglement,  that  scientific  men  were  almost 
justified  in  concluding  d  piiorl  that  gases  and  vapours 
woiJd  fui-nish  a  perfectly  open  door  for  the  passage  of  the 
heat-waves.  This  conclusion  seemed  verified  by  such  ex- 
periments as  had  been  made  on  atmospheric  air,  which  was 
found  by  our  ablest  experimenters,  including  Mclloui 
himself,  to  give  no  evidence  of  absorption. 

But  each  succeeding  year  augments  our  experimental 
power,  tbe  invention  of  improved  methods  enabling  us 
to  renew  our  inquiries  with  increased  chances  of  success. 
Let  us,  then,  test  again  with  more  delicate  apparatus 
the  diathermancy  of  atmospheric  air.  We  make  a  pre- 
liminary essay  with  a  hollow  tin  cylinder  (a  n,  fig,  100), 
4  feet  long,  and  nearly  3  inches  in  diameter.  Our  object 
being  to  compare  the  passage  of  radiant  heat  through 
the  air  with  its  passage  through  a  vacuum,  we  must  have 
some  means  of  stopping  the  ends  of  our  cylinder,  so  as  to. 
ba  able  to  exhaust  it.  Here  we  encounter  our  first  ex-1 
perimental  difficulty.  In  the  case  of  air,  non-luminoua 
heat  is  more  likely  to  be  absorbed  than  luminous  heat,, 
and  as  our  object  ia  to  make  the  absorption  of  air 
■enaible,  we  augment  our  chance  of  effecting  this  object 
by  employing  the  radiation  from  an  obscure  source. 

Our  tube,  therefore,  must  be  6to]>pcd  by  a  8ul)stanoe 
which  permits  of  the  &ee  passage  of  invisible  heat. 
Shall  we  use  glass  for  tlie  purpose  ?  An  inspection  4>f  tbe 
table  ut  pnge  308  shows  us,  that  for  such  heat,  plates  of 
glass  would  Ije  as  perfectly  opaque  aa  plates  of  metal. 
Observe  here  how  one  investigator's  results  are  turned  to 
account  by  another :  how  science  grows  by  the  continual 
subjugation  of  ends  to  means.  Had  not  Mellom  discovered 
the  diathermic  properties  of  rock-salt,  we  shoidd  now  be 
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utterly  at  a  loss.     For  a  time,  however,  the  diflSouUy  of 
obtaimng  plates  of  salt  euBiciently  large  and  pure  to  »tup 
the  ends  of  my  tube  was  very  great.     But  a  scientifial 
worker,  if  his  wantii  are  made  known,  does  not  long  lack 
help ;  and,  thanks  to  such  friendly  aid,  I  have  here  Lran»- 

Fia.  100. 


parent  plates  of  this  precious  subRtancc,  which,  by  means 
of  the  caps  a  and  n,  can  be  screwed  air-tight  on  to  the 
ends  of  the  cylinder.'     The  cylinder  is  provided  with  two 

'  At  a  tf  mo  when  I  wns  p^.itly  in  need  of  »  supply  of  roclt-Balt,  I  «t«ted 
my  wantd  id  the  '  PbiloMphicoI  Mnguioe,'  and  met  with  an  iminediat«  i 
iiponte  from  Sir  John  nersehol.  Uo  «oat  ma  a  block  of  salt,  accompuitedl 
by  a  note,  from  which,  as  it  refers  to  the  purpou  for  which  the  salt  irnm] 
originalty  d«»igi)«d,  I  will  muko  an  extract,  I  am  ftI«o  greatly  iiidobced 
to  Dr.  Bnibo,  tlio  Unngarian  Commiwionfir  to  tbo  luteroatioDal  £zhibitioii 
of  1863,  by  whom  I  haTe  hoea  mieed  to  comparatire  opaJonco,  aa  rcgar<U  iha 
pomeMtoD  of  rodc-aalt.  To  tho  Mecars.  Fletcher  of  Northwidi,  and  to  Hr. 
Corhctt  of  BnnnflgTore,  roy  best  thankanre  alsu  doo  for  their  rowly  kindnea^ 

To  these  acknovledgmoota  I  hnru  now  to  add  my  n-»poctrul  tliankt  tai 
the  gnTQrnmont  of  Wurtnmlnirg,  for  the  noble  bUwk  of  nilt  plucod  in  Ifasir 
drpartmoot  in  thu  Pans  Exbibitiun  of  1867. 

Uerefollows  the  extract  from  Sir  J.  HerBchol'd  note  : — '  After  tlio  publi- 
oatioQof  my  papur  ID  the  Phil.  Trani.  1810, 1  was  very  dveiroua  lu  dii»«*a- 
gage  myself  from  the  ioflDeiicc  of  glasa  priszos  aod  lenspn,  and  {ucerlaiQ,  if  ,^ 
pombla,  vhathpr  io  rc&ltty  my  insalatedhoaterpota  ^  7  0  c  in  iho  Rpoctmni  J 
WDreofaotar  or  t4:rre«trial  origin.  Bock-ttit  wae  the  otvioua  resoareevj 
aod  afler  many  and  fruitlru  cDdosToam  to  oUaio  safficiunlly  largp  and  ' 
pore  ftpodmsos,  the  late  Dr.  Somerrille  was  lo  good  a*  (o  tend  me  (oal  oii> 
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stopcocks,  one  of  which,  c,  in  connected  with  an  air-pump, 
by  wbicli  the  tube  can  be  exhausted ;  while  through  the 
other  cock,  &,  air,  or  any  other  gas,  can  be  allowed  to 
enter  tlie  tube. 

At  one  end  of  the  cylinder  U  placed  a  Leslie^s  cube  o, 
containing  boiling  water,  and  coated  with  lamp-black,  to 
augment  its  radiation.  At  the  other  end  stands  our  thermo-  j 
electric  pile,  from  which  wires  lead  to  a  galvanometer. 
Between  the  end  b  of  the  cylinder  and  the  cube  c,  is 
introduced  a  tin  screen,  T,  which,  when  withdrawn,  will 
allow  the  calorific  rays  to  pass  from  c  through  the  tube. 
We  first  exhaust  the  cylinder,  then  draw  the  screen  a 
Uttle  aside,  and  now  permit  the  rays  after  traversing 
the  vacuum  to  fall  upon  the  pile.  The  tin  screen,  you 
observe,  is  only  partially  withdrawn,  and  the  steatly  de- 
flection, produced  by  the  heat  at  present  transmitted,  is 
30  degrees. 

Let  us  now  admit  dry  air;  we  do  so  by  means  of 
the  cock  c',  from  which  a  piece  of  flexible  tubing  leads 
to  the  bent  tubes  ii,  v\  tho  first  filled  with  fragments 
of  pimiice  stone  moistened  with  a  solution  of  caustic 
potaf^h,  and  intended  to  intercept  whatever  carbonic  acid 
may  be  contained  in  the  air.     The  tube  u*  is  filled  with 


denUxx]  from  &  friond  in  CheshJro)  the  rorj  fioe  block  vbich  I  sow  rorwarH. 
It  IB,  bowBTor,  nuoh  cnu!lc(>d,  but  I  hare  do  doabt  piecflfl  largo  enough  for 
luDtM  and  pnniia  (oBpecinll/  if  oetneutod  together)  might  b«  got  from  it. 

*  Bat  I  wa«  not  prepfired  for  th«  worlcinR  of  it — eTideotly  ft  rery  delioit* 
nod  difBenlt  proneiw  (I  proposad  to  disaohe  off  the  comers,  &c.,  nnd.  ab  it 
mre,  lick  it  into  sh/ipe).  nncj  ttioogh  I  have  oArer  qnite  lust  sight  of  the 
iDAttsr,  I  hnro  not  jct  been  ablo  to  do  inythiag  with  it ;  mentiwhito,  I  put 
it  bj.  Co  looking  at  it  a  jcar  or  two  aflAr,  I  waa  diemnf^d  to  fiud  it  had 
lort  much  br  delifjneacenco.  Accordingly,  I  potted  It  up  In  mlt  in  an 
enrtb«o  dteh,  with  iron  rim,  and  p1ae«d  it  on  an  uppor  aholf  tn  a  room  with 
an  Amolt  storo,  wh(ir«  it  has  remained  ever  flinre. 

*Xf  yon  should  find  it  of  an/  qm,  I  would  ask  jrou,  if  posaiblo,  torcpe«t 
mj  axperirooot  as  described,  and  settle  that  |NMDt,  which  has  always  stnok 
n*  M  a  T017  important  ods,* 
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fragments  of  pumice  stone  moiBtened  with  sulphuric  acid, 
vliich  16  intended  to  absorb  the  aqueous  vapour  of  the  air. 
Thus,  the  air  will  reach  the  cylinder  deprived  both  of  its 
aqueous  vapour  and  its  carbonic  acid.  As  the  air  enters, 
the  mercury  gauge  of  the  pump  will  descend  until  tlie 
tube  is  quite  full*  If  then  air  be  a  substance  oompetent 
to  intercept  the  waves  of  ether  in  any  sensible  degree,  the 
withdrawal  of  the  heat  will  be  declared  by  the  diminished 
deflection  of  the  galvanometer.  You,  however,  see  no 
change  in  the  position  of  the  needle,  nor  could  you  see 
any  change,  even  if  you  were  close  to  the  instrument. 
The  air  thus  examined  seems  as  transparent  to  radiant 
heat  a«  thts  vacuum  itself. 

By  g^dually  withdrawing  the  screen  wc  can  alter  the 
amount  of  beat  falling  upon  the  pile ;  causing  the  needle 
to  stand  at  40%  50^,  60°,  70%  aud  80%  in  sucoession. 
MNTiile  it  occupies  each  position,  the  test  just  applied  can 
be  repeated.  In  no  instance  could  you  recognise  the 
eb'ghteet  movement  of  the  needle.  The  same  is  foimd  to 
be  the  case  when  the  screen  is  pushed  forward,  so  as  to 
reduce  the  deflection  to  20  or  10  degroen. 

The  experiment  just  made  is  a  question  addressed 
to  Nature,  and  her  silence  might  be  construed  into  a 
n^;ative  reply.  Hut  the  experimental  investigator  must 
not  lightly  accept  a  negative,  and  I  am  not  sure  that  we 
have  put  our  question  in  the  best  possible  way.  Let  us 
analyse  what  we  have  done ;  and  first  consider  the  case  of 
our  smallest  deflection  of  10  degrees.  Supposing  that  the 
air  is  not  perfectly  diathermic ;  that  it  really  intercepts  a 
small  portion — say  the  thousandth  part  of  the  heat  passing 
through  the  tube — should  we  be  able  to  detect  this  action? 
8uch  absorption,  if  it  took  place,  woiUd  lower  the  deflec- 
tion the  thousandth  part  of  ten  degrees,  or  the  hundredth 
part  of  one  degree,  a  diminution  which  it  would  be 
impossible  for  you  to  see,  even  if  you  were  close  to  the 
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galvaaometer.'  lu  the  case  here  supposed,  the  total 
quantUt/  of  hfat  falling  upon  the  pile  is  ao  inconsider- 
ahU^  thai  a  ainall  fraction  of  it,  even  if  absorbed,  mighl 
tvell  escape  detecti<yn. 

But  we  have  not  confined  ourselves  to  a  Email  quan- 
tity of  heat ;  the  result  was  the  same  when  the  deflection 
was  80°  as  when  it  was  10".  Here  I  must  ask  yow  to 
sharpen  your  attention  and  accompany  me,  for  a  short  time, 
over  rather  difficult  ground.  I  want  now  to  make  dearly 
intelligible  to  you  an  important  peculiarity  of  tJie  galva- 
nometer. 

The  needle  being  at  zero,  let  us  suppose  a  quantity  of 
beat  to  fall  upon  the  pile,  sufficient  to  produce  adeOection 
of  one  degree.     Suppose  the  quantity  of  heat  to  be  after- j 
wards  augmented,    so   as  to  produce  defloctions    of  tw«^ 
degrees,  three  degrees,   four  degrees,  five  degrees;  then 
the  quantities  of  heat  which  produce  these  deflections  stand 
to  each  other  in  the  ratios  of  1 :  2  r  3:4:5:  the  quantity 
of  beat  wliich  produces  a  deflection  of  5*  being  exactly  fivf 
times  that  which   produces  a  deflection  of  1°.     But  Uiis 
proport  lonality  exista  only  so  long  as  the  deflections  do  not 
exceed  a  certain  magnitude.     For,  aa  the  needle  is  drawu 
more  and  more  aside  &om  zero,  the  current  acts  upon  in 
at  an  ever  augmenting  disadvantage.     The  case  is  illua-i 
trated  by  a  sailor  working  a  capstan  ;  he  always  applies 
his  strength  at  right  angles  to  the  lever,  for,  if  be  applied 
it  obliquely,  only  a  portion  of  that  strength  would  be 
effective  in  turning  the  capstan  round.     And  in  the  case 
of  our  electric  current,  when  the  needle  is  very  oblique  to 
the  current's  direction,  only  a  portion  of  its  force  is  efft'C- 
tive  in  turning  the  needle.     Thus  it  happens,  that  thooghl 
the  quantity  of  heat  may  be,  and,  in  our  case,  i«,  accurately 
expressed  by  the  strength  of  the  current  which  it  excites, 

'  It  vOl  be  boTDfl  in  miDd  that  I  nm  htm  Bpta^khig  of  ffalwmemttrie,  sot 


Ntill  the  larger  tlcfleciionti,  iDOionuch  as  the;  do  not  ^ive 
us  the  acUoQ  of  the  whole  ciirreut,  but  only  of  a  part  of  it, 
cannot  be  a  true  measure  of  the  amount  of  heat  falling 
upon  the  pUe. 

The  galvanometer  now  before  you  is  so  constructed,  that 
the  angles  of  deflection,  up  to  30°  or  thereabouts,  are 
proportional  to  the  quantities  of  heat ;  the  quantity 
necessary  to  move  the  needle  from  29*  to  30"  being 
sensibly  the  same  as  that  required  to  move  it  from  0"  to  1°. 
But  beyond  30**  the  proportionality  ceases.  The  quantity 
of  heat  required  to  move  the  needle  from  40^  to  41**  is 
three  times  tliat  necespary  to  move  it  from  0°  to  I'' ;  to  de- 
flect it  from  50^  to  51^  reqoiree  five  times  the  heat  neces- 
sary to  move  it  from  0"  to  1°  :  to  deflect  it  from  60"  to  61' 
requires  about  seven  times  the  heat  neoeseary  to  move  it 
from  0**  to  1*  ;  to  deflect  it  from  70°  to  71"  requires  eleven 
times,  while  to  move  it  from  80"  to  81*  requires  more 
than  fifty  times  the  heat  necessai^  to  move  it  from 
0"  to  1*.  Tims,  tliB  higher  we  go,  the  greater  is  the  quan- 
tity of  heat  represented  by  a  degree  of  deflection  ;  tlie 
reason  being,  that  the  force  which  tlien  moves  the  needle 
is  only  a  fraction  of  tlie  force  of  the  current  rejiUy  cir- 
culating in  the  wire,  and  hence  repr&nents  only  a  fraction 
of  the  heat  falling  upon  the  pile. 

By  a  process,  to  be  afterwards  described,'  the  higher 
degrees  of  the  galvanometer  can  be  expressed  in  terms  of 
the  lower  ones.  M'e  thus  learn,  that  while  deflections  of 
10",  20",  30%  respectively,  express  quantities  of  heat  re- 
presented by  the  numbers  10,  20,  30,  a  deflection  of  40" 
represents  a  quantity  of  heat  expressed  by  the  nimibcr  47  ; 
a  deflection  of  60*  expresses  a  quantity  of  heat  expressed 
by  the  number  80;  while  the  deflections  60",  70%  80% 
express  quantities  of  heat  which  increase  iu  a  much  more 
rapid  ratio  than  the  deflections  themselves, 

'  Sm  Appendix  to  iliis  Leetttre. 
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What  18  tlje  upshot  of  this  analysis?  It  will  lead  us 
to  a  Itetter  method  of  questioning  Nature.  It  sujfgeets 
tbe  reflection  that,  when  we  make  our  angles  emails  the 
quantity  of  heut  falling  on  the  pile  is  so  inconsiderable,  that 
pven  if  a  fraction  of  it  were  absorbed,  it  might  escape 
detection ;  while,  if  we  make  our  deflections  large,  by 
employing  a  powerful  flux  of  heat,  the  needle  is  in  a 
position  from  which  it  would  require  a  considerable 
addition  or  subtraction  of  heat  to  move  it.  The  l,000tii 
part  of  tbe  whole  radiation,  in  the  one  case,  would  be  too 
small,  absolutely,  to  be  measured :  the  1,000th  part  in 
the  other  case  might  be  considerable,  without,  however, 
being  considerable  enough  to  aifect  the  needle  in  any  sen- 
sible degree.  WTien,  for  example-,  the  deflection  is  over 
60%  an  augmentation  or  diminution  of  heat,  equivalent  to 
15  or  ^0  of  the  lower  degree?  of  the  galvanometer,  would 
be  scarcely  sensible^ 

We  are  now  face  to  face  with  our  problem  :  it  is  this, 
to  work  with  a  flux  of  heat  so  huge  that  a  small  fractional 
part  of  it  will  not  bo  infinitesimal,  and  still  to  keep  our 
needle  in  its  most  sensitive  position.  If  we  can  ac- 
complish this,  we  shall  augment  indefinitely  our  experi- 
mental power.  If  a  fraction  of  the  Jieat,  however  small, 
l»e  intercepted  by  the  gas,  we  can  augment  the  ahsoluU 
value  of  that  fraction  by  augment i7ig  Oie  total  of  which 
itis  a  fraction. 


METnOD  07  COMPENSATION.       COUPLBTB  APPARATUS. 

The  problem,  happily,  admits  of  an  eflocUvo  practical 
uolation.  You  know  that  when  we  allow  heat  to  fall  upon 
the  opposite  faces  of  the  thermo-pile,  the  currents  gene- 
rated neutralise  each  other  more  or  less ;  and,  if  the 
<{u:Lntities  of  heat  falling  upon  the  two  faces  be  pt-rfoctly 
equal,  the  neutralisalioD  is  complete.     Our  galvanometer 
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needle  ia  now  deflected  to  80"  by  Llie  flux  uf  hf^it  paBsiuj; 
ihrotigh  the  tin  cylinder  tube  (fig,  100);  I  uncover  the 
pecood  face  of  the  pile,  which  ia  aUo  furniehed  with  a 
conical  reflector,  and  place  a  second  cube  of  boiling  water 
in  front  of  it ;  the  needle,  as  you  see,  descends  instantly. 

By  Tueans  of  a  proper  adjusting  screen  the  <juantity 
of  beat  falling  upon  the  posterior  face  of  the  pile  can  ho  so 
r^alated  that  it  shall  exactly  neutralise  the  heat  incident 
upon  its  other  face  :  this  is  now  effected ;  and  tlie  needle 
points  to  zero. 

Here,  then,  we  have  two  powerful  and  perfectly  e<|ual 
(luxes  of  heat,  falling  upon  the  opposite  faces  of  the  pile, 
one  of  which  passes  through  our  exhausted  cylinder.  If 
air  be  allowed  to  enter  the  cylinder,  and  if  this  air  exert 
any  appreciable  action  upon  the  rays  of  heat,  the  equality 
now  existing  will  be  destroyed ;  a  portion  of  the  heat 
passing  through  the  tube  being  intercepted  by  the  air,  the 
second  source  of  heat  will  triumph ;  the  needle,  now  in 
its  most  sensitive  position,  will  be  deflected  ;  and  from  the 
magnitude  of  the  de6ection  we  can  accurately  calculate  the 
absorption. 

I  have  thus  sketched,  in  rough  outline,  the  apparatus 
by  which  our  researches  ou  the  relation  of  radiant  heat  to 
gaseous  matter  mtist  be  conducted.  The  necessary  testa 
are,  however,  at  the  same  time  so  powerful  and  bo  delicate, 
that  a  rough  apparatus  like  that  just  described  would  nob 
answer  our  purpose.  But  you  will  now  experience  no 
difficulty  in  comprehending  the  construction  and  applica- 
tion of  the  more  perfect  apparatus,  with  which  the  experi- 
ments on  gaseous  absorption  and  radiation  have  been 
actually  made. 

Between  s  and  s'  (Plate  T.  frontispiece)  stretches  the 
experimental  cylinder,  a  hollow  tube  of  brass,  polished 
within  ;  at  d  and  s'  are  the  plates  of  rock-salt  which  close 
the  cylinder  air-tight ;  the  length  from  8  to  s',  in  the  e£* 
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periment«  to  lie  6rst  recorded,  is  4  feet.  The  source  of 
heat.,  c,  is  a  cube  of  cast  copper,  filled  with  water,  which  ia 
keptooDtiDually  boiling  by  the  lamp  L.  Attached  to  the 
cube  0  bj  brazing  is  the  short  cylinder  r,  of  the  samo 
diameter  aa  the  experimeutal  cylimler,  and  capable  of  beings 
connected  air-tight  with  the  latter  at  fl.  Thus,  between 
the  source  o  and  the  end  s  of  the  experimental  tube,  we 
have  tfie  front  chamber  r,  from  which  the  air  can  be 
removed  so  that  the  rajB  from  the  source  will  enter  the 
cylinder  8  a'  unsifted  by  air.  To  prevent  the  heat  of  the 
source  c  from  passing  by  conduction  to  the  plate  at  s,  the 
tihaml>er  t  is  caused  to  pass  through  the  vesj^el  v,  in  which 
a  stream  of  cold  water  continually  circulates,  entering 
through  the  pipe  i  i,  which  dips  to  the  bottom  of  the 
ve8»el,  and  escaping  through  the  waste-pipe  c  6.  The  ex- 
perimental tube  aud  the  front  chaml>er  are  connected,  in- 
dependently, with  the  air-pump  a  a,  so  that  either  of  them 
may  be  exhausted  or  filled,  without  interfering  with  the 
other.  I  may  remnrk  that,  in  later  arrangements,  the  ex* 
perimental  cylinder  was  supported  apart  from  the  ptunp, 
being  connected  with  the  latter  by  a  flexible  tube.  The 
tremulous  motion  of  the  pump,  which  occurred  when  the 
connection  was  rigid,  was  thus  completely  avoided,  p  is 
the  thermo-pile,  placed  on  its  stand  at  the  end  of  the 
experimental  cylinder,  and  furnished  with  its  two  conical 
reflectors,  tf  is  the  compeneaiing  cube,  used  to  nentra- 
lise  the  radiation  iVom  c ;  n  is  the  adjusting  screen^ 
which  is  capable  of  an  exceedingly  fine  motion  to  and  fro. 
N  N  is  a  delicate  galvanometer  connected  with  the  pile  p, 
by  the  wires  w  it?.  The  graduated  tube  o  o  (to  the  right 
of  the  plate),  and  the  appendage  U  K  (attached  to  the 
centre  of  the  experimental  tube)  shall  be  referred  to  more 
particularly  by-and-by. 

It  would  hardly  sustain  your  interest,  were  I  to  state 
the  difficulties  which  at  first  beset  the  investigation  oon- 
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ducted  with  tbis  apparatus,  or  the  numberless  precautions 
whicb  the  exact  balancing  of  the  two  powerful  sources  of 
beat  here  resorted  to,  render  necessary.  I  believe  the 
experiments,  made  with  atmoBpIieric  air  alone,  might  be 
numbered  by  tens  of  thou8and.s.  Sometimes  for  a  week,  or 
even  for  a  fortnight,  cuiucideut  and  satisfactory  results 
would  be  obtained ;  the  strict  conditions  of  accurate  ex- 
perimenting woiUd  appear  to  be  found,  when  au  additional 
day's  experience  would  destroy  the  superstructure  of  hope 
and  necessitate  a  recommencement,  under  changed  con- 
ditions, of  the  whole  inquiry.  It  is  this  which  daimts  the 
experimenter;  it  is  this  preliminary  fight  with  the  entan- 
glements of  a  subject,  so  dark,  so  doubtful,  so  uncheering, 
— without  any  knowledge  whether  the  conflict  is  to  lead 
to  anything  wortli  possessing, — which  lenders  discovery 
difficult  and  rare..  But  tlie  experioienter,  especially  (ho 
youiuj  experimenter,  ought  to  know  that,  as  regards  bis 
own  moral  manhood,  he  cannot  but  win,  if  he  only 
contend  aright.  Even  with  a  negative  result,  the  con- 
sciousness that  he  has  gone  fairly  to  the  bottom  of  his 
subject,  OS  far  as- his  means  allowed — the  feeling  that  he 
lias  not  shunned  Libour,  though  that  lalxjiir  may  have  re- 
sulted in  laying  bare  the  nakednefis  of  his  case— reacts 
upon  bis  own  mind,  and  gives  it  rtrmness  for  future  work. 
But  to  return ; — I  first  neglected  atmospheric  vapour 
and  carbonic  acid  altogether ;  concluding,  as  others  after- 
wards did,  that  the  quantities  of  these  substances  being  bo 
small,  their  effect  upon  radiant  heat  must  be  quite  inap- 
preciable ;  after  a  time,  however,  this  assumption  was 
found  to  be  leading  me  quite  astra}'.  Chloride  of  calcium 
was  first  used  as  a  drying  agent,  but  I  had  to  abandon  it. 
Pumice  stone,  moistened  with  sulfihuric  acid,  was  next  used, 
but  it  also  prove<I  unsuitable.  I  finally  resorted  to  pure 
gLi«g  broKcn  into  email  fragments,  wetted  with  pure 
Bulphtiric  acid,  and  inserted  by  means  of  a  funnel  into  a 
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U-lube.  This  arran{^em«nt  was  found  to  be  the  best,  but 
evea  here  the  greatest  cave  was  Deeded.  It  waa  necessary 
to  cover  each  column  of  the  U-tube  with  a  layer  of  diy 
glass  fragments;  for  the  smallest  particle  of  dust  from 
the  cork,  or  a  quantity  of  sealing-wai  not  more  than  the 
twentieth  part  of  a  pin*8  head  in  size,  was  quite  sufficient, 
if  it  reached  the  acid,  to  vitiate  the  resulta.  The  drying- 
tubes,  moreover,  had  to  be  frequently  changed,  aa  the 
organic  matter  of  the  atmosphere,  infinitesimal  though  it 
was,  after  a  time  introduced  disturbance. 

To  remove  the  carbonic  acid,  piu-e  Carrara  marble  was 
broken  into  fragments,  wetteil  witli  caustic  poiosh,  and 
introduced  into  a  U-tube.  These,  then,  are  the  agents 
which  I  now  employ  for  drj-ing  the  gaa  and  removing  the 
carbonic  aoid  ;  but  previous  to  their  final  adoption,  an  ar- 
ntngemeut  shuwn  in  Piute  I.  was  made  use  of.  The  glass 
tubes  markoii  y  y,  each  three  feet  long,  were  filled  with 
chloride  of  cak-ium,  after  them  were  placed  two  U-tubes, 
R,  z,  tilled  with  pumice  stone  and  sulphuric  acid.  Hence, 
the  air,  in  the  Bmt  place,  had  to  pass  over  tS  feet  of 
chloride  of  calciimi,  and  afterwards  through  tlie  sulphuric 
acid  tubes,  before  entering  the  experimental  tube  8  s'.  A 
gafiholdcT,  Q  g',  was  employed  for  other  gases  than  atmo- 
spheric air.  In  later  investigations,  this  arrangement,  OB 
already  stJited,  is  abandoned,  a  simpler  one  being  found 
more  effectual. 

Both  the  front  chamber  r,  and  the  experimental  tube 
B  s'  being  exhausted,  the  rays  pass  from  the  source  c 
through  the  front  chamber;  across  the  plate  of  rock'-salt 
at  8,  through  the  experimental  tube,  acrobs  the  plate  at  S', 
afterwards  impinging  upon  the  anterior  sur&co  of  the 
pile  r.  This  radiation  is  neutralised  by  that  from  the 
compensating  cube  c'.  The  needle,  you  will  observe,  i&  at 
zero.  We  will  commence  our  experiments  by  applying 
this  severe  test  to  dry  air.     It  is  now  entering  the  ez< 
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perimentnl  cylinder ;  but  you  see  no  motion  of  the 
needle,  and  thus  our  more  powerful  mode  of  experiment 
fails  to  detect  any  absorption  on  the  part  of  the  air. 
Its  atoms,  apparently,  are  quite  incompetent  to  stop  tlie 
calorific  waves ;  air  is  a  practical  vacuum,  as  regards 
t}i6  raya  of  heat.  Oxygen,  hydrogen,  and  nitrogen,  when 
carefully  purified,  exhibit  the  action  of  atmospheric  air; 
they  are  all  sensibly  neutral. 


lUDUTION  THEOUGn  0L1TU5T  QAS, 

This  is  .the  deportment  which,  prior  to  the  researches 
now  to  be  described,  was  ascribed  to  gases  generally* 
It  was  to  open  this  vast  field  that  my  efforts  were  directed 
at  the  beginning  of  185!J.  Your  patience  would  hardly 
bear  the  strain  were  I  to  conduct  you  along  the  deviotu 
line  of  experiment  and  verification  pursued  throughout 
the  inquiry ;  and  I  will  therefore  at  once  choose  a  sub- 
stance which  will  demonstrate  how  powerful  the  action  of 
purely  gaseous  matter  on  radiant  heat  may  be.  This  gas- 
holder contains  defiant  gas,  the  perfect  transparency  of 
which  to  light  is  demonstrated  by  discharging  it  into  the 
air;  you  see  nothing,  the  gaa  is  not  to  be  distinguished 
from  the  air.  The  experimental  tube  is  now  exhausted, 
and  the  needle  points  to  zero.  Pertmtting  the  olefiant 
gas  to  enter,  the  needle  moves  in  a  moment ;  the  invisible 
gas  intercepts  the  heat,  like  a  solid  opaque  body — the  final 
and  permanent  deflection,  when  the  tube  is  full  of  ga?, 
amounting  to  70*. 

I  now  interpose  a  metal  screen  between  the  pile  F  and 
the  end  b'  of  the  experimental  tube,  thus  entirely  cutting 
off  tlie  radiation  through  the  tube.  The  face  of  the  pile 
turned  towards  the  metal  screen  wastes  its  heat  speedily  by 
fzadiation ;  it  £alls  rapidly  to  the  temperature  of  this  room, 
the  radiation  from  the  compensating  cube  alone  acting  on 
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the  pile,  and  producing  a  deflection  of  75^  At  the  com- 
mencement of  the  expei'iment  the  radiations  from  both 
cubes  being  equal,  the  deSection  75°  correspondd  to  the 
total  Tadlat'u)ii  through  the  exhausted  experimental  tube. 
Taking  as  unit  the  quantity  of  heat  necessary  to  move 
the  needle  from  0°  to  1%  the  number  of  uoibs  eipr 
by  a  deflection  of  75°  is 

276. 

The  number  of  units  expressed  by  u  deflection  of  70*^  is 

211. 

Out  of  a  total,  therefore,  of  276,  olefiant  gas  has  inter- 
cepted 211;  that  is,  about  seven-ninths  of  the  whole,  or 
about  80  per  cent. 

It  might  occur  to  you,  as  it  at  first  occurred  to  mts 
that  an  opaque  layer  of  some  kind  had  been  suddenly 
precipitated  on  our  plates  of  salt,  when  the  gas  entered. 
iTie  substance,  however,  deposits  no  such  layer.  When  a 
current  of  the  dried  gas  is  discharged  against  a  polished 
plate  of  salt,  you  do  not  perceive  the  slightest  dimness. 
The  rock-salt  plates,  moreover,  though  necessary  for  exact 
measurements,  are  not  necessary  to  show  the  destructive 
power  of  tliis  gas.  Here  is  an  open  tin  cylinder,  interposed 
l)etween  the  pile  and  oiu*  radiating  source ;  when  olefiant 
gas  is  forced  gently  into  the  cylinder  from  thia  gasholder, 
you  see  the  needle  fly  up  to  its  stops.  Observe  the  small- 
ness  of  the  quantity  of  gas  now  employed.  First  cleansiug 
the  open  tube,  by  forcing  a  current  of  air  through  it,  and 
bringing  the  needle  to  zero;  I  turn  a  cock  on  and 
off,  as  speedily  as  possible.  A  mere  bubble  of  the  gns 
enters  the  tube  in  tliis  brief  interval ;  still  you  see  that 
its  presence  causes  the  needle  to  swing  to  70**.  Let  us 
now  abolish  the  open  tube,  and  leave  nothing  but  tlie  free 
air  between  the  pile  and  the  source.  From  the  gasometer 
I  discharge  olefiant  gas  into  this  open  space.     Vou  see 
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nothing  in  the  air ;  but  the  swing  of  the  needle  through 
an  arc  of  60°  declares  the  presence  of  this  invinibU  barrier 
to  the  caloriBc  ra^s. 

Thus,  it  is  shown  that  the  ethereal  undulations  which 
pass  among  the  atoms  of  oxygen,  nitrt^n,  and  hydrogen, 
without  hindrance,  are  powerfully  intercepted  by  the 
Ljnoleculefl  of  olefiant  gas.  We  shall  find  other  transparent 
gases,  also,  almost  immeasurably  superior  to  air.  We  can 
limit  at  pleasure  the  number  of  the  gaseous  molecules, 
and  thus  vary  the  amount  of  destruction  of  the  ethereal 
waves.  Attached  to  the  air-pump  is  a  barometric  tube, 
by  means  of  vliich  measured  portions  of  the  gas  can  be 
admitted,  llie  ejcperimental  cylinder  is  now  exhausted: 
turning  a  cock  slowly  on,  and  observing  the  mercury 
gauge,  tlie  olefiant  gas  enters,  till  the  mercurial  column 
has  been  depressed  an  inch.  I  observe  the  galvanometer, 
and  read  tlie  deflection.  Another  inch  being  added,  the 
absorption  effected  by  gns  under  two  inches  of  pressure 
is  determined.  Proceeding  tlius,  we  obtain  for  pressures 
from  1  to  10  inches  the  following  absorptions  : — 

OU/iant  Gas, 

Vnmoit                                                                AtaorplJoB 
1 90 

a 123 

3 U2 

4 167 

fi 108 

«  .        .  ....  177 

7 182 

8 18C 

g 190 

10 193 

The  unit  here  used  is  tho  amount  of  heat  absorbed, 
by  a  whoU  atmosphere  of  dried  air.  The  table,  for 
example,  shows  that  one-thirtieth  of  an  atmosphere  of 
olefiant  gas  exercises  ninety  times    the    absorption  of 
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a  whole  atmosphere  of  air.  The  deBection  produced  by 
the  tulicfiil  of  dry  air  is  here  taken  to  be  one  dejjree : 
it  is  probably  even  less  than  this  infinitesimal  amount. 

The  table  also  informs  us  that  each  additional  inch  o( 
olefiant  gas  produces  less  effect  than  the  preceding  one. 
A  single  inch,  at  the  commencement,  intercepts  90  rays, 
but  a  second  inch  absorbs  only  33  additional  rays,  while 
the  adilition  of  an  inch,  when  nine  inches  are  already  in  the 
tube,  effects  the  destruction  of  only  3  rays.  This  is  what 
might  reasonably  be  expected.  The  numl»er  of  rays 
emitted  is  finite,  and  the  disclmrgc  of  the  first  inch  of 
olefiant  gas  amongst  them  has  so  thinned  their  ranks,  that 
the  execution  producetl  by  tlie  second  inch  is  naturally  lesB 
than  that  of  the  firpt.  This  execution  must  diminish,  a3 
the  Dumber  of  rays  capable  of  being  destroyed  by  the  gas  , 
becomes  less ;  until,  finally,  all  absorbable  ra}'3  beinjj 
removed,  the  residual  heat  passes  through  the  gas  un- 
impeded.* 

But  supposing  the  quantity  of  gas  first  introduced 
to  be  so  inconsiderable,  that  the  heat  intercepted  by  it 
is  a  vanishing  quantity,  compared  with  the  total  amount, 
we  might  then  reasonably  expect  that,  for  some  time  at 
least,  the  quantity  of  heat  intercepted  would  bo  pro- 
portional to  the  quantity  of  gas  present — that  a  double 
quantity  of  gas  would  produce  a  double  effect,  a  treble 
quantity  a  treble  effect;  or,  in  general  terms,  that  the 
al)8orption  would,  for  a  time,  be  found  proportional  to  the 
density. 


'  A  WftT«  of  etber  starting  from  a  rwliant  point  in  all  diractioni,  in  * 
untfonn  m'-'lium,  constitat^-a  a  sphencal  iiboU.  which  expands  with  thn 
Telocity  of  liffht  or  of  riwliant  hcnt.  A  r^y  of  light,  or  a  ray  of  lio»t,  ia  a 
lioo  p«rpniKlioulHF  to  the  ^rare,  nnil,  in  ih«  caM  h<T0  RUppoied,  tho  nr» 
iniald  b«  the  radii  of  tha  vphorie.il  ihcU.  The  vord  *  ray,'  bovever,  inued 
in  tho  t«xt,  to  aroid  circomlooution,  a«  tqnivalr-nt  to  the  term  iiiit^  o/ktct. 
TfaoB,  oalliDg  tho  amuBDt  of  heat  intvrocptod  by  a  vbolo  alniopphera  of  air 
1,  tho  amonot  intCMOpted  by  g^th  of  an  atmosphere  of  olefiaiit  gw  it  M^ 
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To  test  this  idea,  we  will  maVe  lue  of  a  portion  of 
the  apparatus  omitted  in  the  general  description,  o  o 
(Plate  I.)  is  a  graduated  glass  tube-,  the  end  of  which  dips 
into  the  hasin  of  water  &.  The  tube  is  closed  above  by 
meanB  of  the  stopcock  r ;  d  dis  a  tube  containing  frag- 
ments of  chloride  of  calcium  which  dries  the  gas.  The 
tube  0  0  is  first  filled  with  water  up  to  the  cock  r,  and  the 
water  is  afterwards  carefully  displactnl  by  olefiant  gas, 
introduced  in  bubbles  from  below.  The  gas  ia  then 
admitted  into  the  experimental  cylinder,  and  as  it 
enters,  the  water  rises  in  o  o,  each  of  the  divisions  of 
which  represeuta  a  volume  of  ^^^th  of  a  cubic  inch.  Suc- 
cessive measures  of  this  capacity  are  permitted  to  enter 
the  tube,  and  the  absorption  in  each  particular  case  is 
determined. 

In  the  following  table,  the  first  column  contains  the 
quantity  of  gas  admitted  into  the  tube ;  the  second  con- 
tains the  corresponding  absorption ;  the  third  column 
contains  the  absorption,  calculated  on  the  supposition  that 
it  is  proportional  to  the  density.                                             ^^H 

^^h                                       Olefiant  Gas.                                          ^^H 
^^^V                                Unit-nnsore,  ^^Ui  of  a  cobtc  inch.                                   ^^^| 

^^^^B                                                                                               AbaorpUuo                                            ^^^^| 

■ 

Obwrved 

.       23 
.       45 
.       68 
.       8-3 
.     110 
,     120 
.     I4S 
.     108 
.     19-8 
.     220 
.     24-0 
.     26-4 
.     290 
.     30-3 
.    83-A 

t 

GftlcateM             ^^H 
3-2                  ^H 
4-4                 ^^H 

6-a          ^^1 

8-8               ^^H 

u-o          ^^H 

133                ^^1 

17'A                ^^1 
18-8                ^^H 
230                ^^B 
343                ^^B 

^^B 

38-8               ^^B 

^^B 

33-0                ^^B 
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TIlis  tabic  proves  the  correctness  of  the  surmise,  that 
when  very  amaU  quantities  of  the  gas  are  employed,  the 
aboorption  is  sensibly  proportional  to  the  density.  But 
coDsider  for  a  moment  the  tenuity  of  the  gas  with  which 
we  have  here  operated.  The  volume  of  our  experimental 
tube  18  220  cubic  inches ;  imagine^i^tb  of  a  cubic  inch  of 
gas  diffused  in  this  space,  and  you  have  the  atmosphere 
through  which  the  caloritic  rays  passed  in  our  first  experi- 
ment. This  atmosphere  possesses  a  pressure  not  exceeding 
i  i  ^  6 ,) th  that  of  ordinary  air.  It  would  depress  the  mer- 
curial column  connected  with  the  air-pump  not  more  than 
-}^th  of  on  English  inch.  Its  action,  however,  upon 
the  calorific  rays  is  pi^rfectly  distinct,  being  more  than 
twice  that  of  a  whole  atmosphere  of  dry  air. 


hadution  thbodgh  £ther  tapoub. 

But  the  absorptive  energy  of  olefiont  gas,  extra- 
ordinary as  it  is  shown  to  be  by  the  foregoing  experiments, 
Pio.  101.  is  exceeded  by  that  of  various  vapours,  the  action 
of  which  on  radiant  heat  is  now  to  be  illustrated. 
This  glass  flask,  a  (fig,  101),  is  provided  with  a 
bra£S  csp,  int^t  which  a  stopcock  can  be  screwed 
air-tight.  A  small  quantity  of  sulphuric  ether 
is  poured  into  the  flask,  and  by  means  of  an 
air-pump,  the  air  which  fills  the  flask  aljove  the 
liquid  is  completely  removed.  I  attach  the  flask 
to  the  experimental  tube,  which  is  now  exhausted 
^tbe  needle  pointing  to  zero^and  permit  the 
vapour  from  the  flask  to  enter  it.  Tlie  mercury 
of  the  gauge  sinks,  and  when  it  is  depressed  one  inch, 
the  further  supply  of  vapour  is  stopped.  The  moment 
the  vapour  entered,  the  needle  moved,  and  it  now  points 
to  6d%  I  can  add  another  inch,  and  again  determine  the 
absorption ;  a  third  inch,  and  do  the  same.    The  absorp- 
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tionti  effected  by  four  incbes,  introduced  in  this  w&y,  are 
given  in  the  following  table.  For  the  sake  of  comparison^ 
the  corresponding  absorptions  of  oleBant  gas  are  pUoed  la 
the  third  column. 

Sulphuric  Ether, 


Pnmira  la  Indjca 

efoMrcaiy 
1 

AfatorplioD 

CormpOiHlin^  At<atMvUoa 

.       »0 

3 

.    283 

. 

* 

a 

.     133 

3 

.     316 

, 

. 

, 

.     143 

4 

.     330 

, 

, 

, 

,     164 

For  these  pressures  the  absorption  of  radiant  heat  by 
the  vapour  of  sulphuric  ether  is  about  two  and  two-tbird 
times  the  absorption  by  olefiant  gas.  There  is,  moreover, 
no  proportionality  between  the  quantity  of  vapour  and 
the  absorption. 

But  reflections  similar  to  those  which  we  have  already 
applied  to  oleBant  guB  are  also  applicable  to  sulphurio 
ether.  Supposing  we  make  our  unit-mensiire  small 
eouugb,  the  number  of  rays  first  destroyed  will  vanish  in 
comparison  with  the  total  number,  and  prolwbly,  for  a 
time,  the  abtiorptioa  will  be  dii>;ctly  proportional  to  the 
density.  To  examine  whetlier  this  is  the  case,  the  other 
ptntioD  of  the  apparatus,  omitted  in  tbe  geneml  descrip- 
tion, vas  made  use  of.  K  (Plate  I.)  is  one  of  the  small 
flasks  deiicnbed  a  moment  ago  (fig,  101),  with  a  brass  cap, 
which  is  closely  Rcrewe<l  on  to  the  stopcock  c'.  Between 
the  cocks  c'  and  c,  the  latter  of  which  is  connected  with 
the  esperimcutal  tube,  is  the  chamber  M,  the  capacity  of 
which  is  accurately  determined.  The  flask  K  is  partially 
filled  with  ether,  the  air  above  the  liquid  and  that  dis- 
solved in  it  being  removed.  The  tube  s  s*  and  the 
chamber  u  being  exhausted,  the  cock  c  is  shut  ofT;  aud  tf 
being  turned  on,  the  chamber  h  is  fllled  with  pure  ether 
vapour.     By  turning  c'  off  and  c  on,   this   quantity   of 
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vapour  is  allowed  to  diffuse  iUelf  through  the  experi- 
mental tube,  where  its  absorption  is  determined ;  succesaive 
meamree  are  thus  sent  into  the  tube,  and  the  effect  pro- 
duced by  each  ia  noted. 

Id  the  following  table,  the  unit-measure  made  use  of 
had  a  volume  of  j^th  of  a  cubic  inch. 


Moavora 
1 
3 
4 
6 
6 
7 
ft 
9 
10 

u 

13 
IS 
14 
16 


Sulphuric  Ether, 

Unit-nwafure,  j^th  of  a  enbie  indi. 

Atnorption 


Otmmi                                   CricoWrf 

£■0       .                              .4*6 

10*8 

e-3 

lS-3 

.     18-4 

24-5 

.    38-0 

2U-d 

.     270 

3t-6 

.    S2-a 

38-0 

.     36*8 

440 

.     41*4 

46*2 

.     48-3 

60-O 

.     &U-6 

A2it 

.     56-3 

£60 

.     fi»8 

67-2 

.     64-4 

60-4 

.     »0 

We  hore  find  that  the  proportion  between  density  and 
aboorptioQ  holds  sensibly  good  for  the  first  eleven  meaeuree, 
after  which  the  deviation  from  proportionality  gradually 
aumgents. 

No  doubt,  for  smaller  measures  than  -p^th  of  a  cubic 
inch,  the  above  law  holds  still  more  rigidly  true ;  and  in  a 
suitable  locality  it  would  be  easy  to  determine,  with  perfect 
accuracy,  -J^tb  of  the  absorption  produced  by  the  Brst 
meaiurc ;  this  would  correspond  to  j^>^th  of  a  cubic  inch 
of  vapour.  But,  before  entering  the  ttibe,  the  vapotur 
had  only  the  tension  due  to  the  temperature  of  the 
lalK)ratory,  namely  12  inches.    This  would  require  to  be 
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multiplied  by  2*5  to  bring  it  up  to  that  of  the  atmosphere;. 
Hence,  the  t-jVo^^  ^^  *  cubic  inch  would,  on  being  diffused 
through  a  tube  possesidng  a  capacity  of  220  cubic 
inobes,  have  a  pressure  of  ^  x  ^»j  x  -jV^  =  rrd^TS^^  o^^" 
atmosphere.  That  the  action  of  a  transparent  vapour  so 
attenuated  upon  radiant  beat  should  be  at  all  measurable 
is  Bimply  astounding. 

These  experiments  with  ether  and  olefiant  gas  show 
that  not  only  do  gaseous  bodies,  at  the  ordinary  atmo- 
spheric pressure,  ofifer  an  impediment  to  the  tran^misslun 
of  radiant  beat — not  only  are  the  interstitial  spaces  of 
such  gases  incompetent  to  allow  the  ethereal  undulations 
free  passage — but,  abo,  that  after  their  density  has  been 
rendered  infinitesimal,  the  door  thus  opened  is  not  wide 
enough  to  let  all  the  undulations  through.  There  is  some- 
thing in  the  constitution  of  the  individual  molecules,  thus 
sparsely  scattered,  which  enables  them  to  take  up  the 
motion  of  the  ethereal  waves.  Through  dry  air  the  heat- 
rays  pass  without  sensibly  warming  it ;  through  olefiant 
gas  and  ether  vapoiu*  they  cannot  pass  thus  freely ;  but 
every  wave  withdrawn  from  the  radiant  beam  produces  its 
equivalent  motion  in  the  body  of  the  absorbing  gas,  and 
raises  its  temperature.  It  is,  therefore,  a  case  of  trans- 
ference, not  of  annihilation. 

Before  changing  the  source  of  heat  here  employed,  let 
us  direct  our  attention  for  a  momeut  to  the  action  of  a 
few  more  of  the  permanent  gases  on  radiant  heat*  To 
measure  the  quantities  introduced  into  the  experimental 
tube,  the  mercury  gauge  of  the  air-pump  is  employed. 
In  the  case  of  carbonic  oxide,  the  following  absorptions 
correspond  to  the  pressures  annexed  to  them;  the  action 
of  a  full  atmosphere  of  air,  assumed  to  produce  a  deflection 
of  one  degree,  being  taken  as  unity : — 
16 
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C<t/rbonic  Oxide. 

n«Miira  tu  tuehoi 
of  ncvotrj 

0-6      . 

ATMorption 

S'fi 

2ft 

10       . 

.      &-6 

6-0 

I'fi 

.      80 

7-5 

80 

.     100 

10*0 

8-6       . 

.     120 

ia-6 

SO 

.     16-0 

15-0 

S-6 

.   irfi 

17*6 

Aa  in  the  former  coses,  tbo  third  column  is  calculated  on 
the  assumption  that  the  absorption  is  directly  proportional 
to  the  density  of  the  gas  ;  and  we  see  that  for  seven  mea- 
sures, or  up  to  a  pressure  of  3-5  inches,  the  proportionality 
holds  strictly  good.  But  for  large  quantities  this  is  not 
the  case.  When,  for  instance,  the  unit-mcnsurc  is  5  inches, 
instead  of  half  an  inch,  we  obtain  the  following  result :— 


ProHnrM 
iBlneliM 

AtaorpUoe 

Otoorrtd 

CBtcaUM 

ff 

.     IB 

■         .         . 

.     IB 

10 

.    325     . 

■         • 

.     96 

15 

.     46 

•         • 

.     A4 

Carbonic  acid,  sulphide  of  hydrogen,  nitrous  oxide,  and 
other  gases,  though  differing  in  the  energy  of  their  absorp- 
tion, and  all  of  them  exceeding  carbonic  oside,  exhibit 
when  small  and  large  quantities  are  used,  a  similar  deport- 
ment towards  radiant  heat. 


Thus,  then,  while  in  the  case  of  some  gases,  we  find  an 
almost  absolute  incompetence  on  the  part  of  their  atoms  to 
intercept  the  ethereal  waves,  the  molecules  of  other  gases, 
struck  by  these  same  undulations,  alworb  their  motion, 
and  become  themselves  centres  of  heat.  We  have  now 
to  examine  whetlier  these  atoms  and  molecules  which  can 
ticcept  motion  from  the  ether  in  such  very  different 
degrees,  are  not  also  clmracterised  by  their  competency  to 
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impart  motion  to  the  ether  in  different  degrees ;  or,  to  use 
the  common  language,  having  learnt  something  of  the 
pover  of  different  gases,  as  abaorbera  of  radiant  heat,  we 
have  now  to  inquire  into  their  capacities  as  radiators. 

An  arrangement  is  before  you  by  means  of  which  we 
can  test  the  general  principle.  Finer  and  more  far- 
reaching  combinations  will  bo  made  later  on.  P  (6g.  102) 
is  the  thermo-pile,  with  its  two  conical  reflectors  j    8  is  a 


F10.10X 


double  screen  of  polished  tin  ;  a  is  an  argand  burner,  con- 
sisting of  two  concentric  perforated  rings ;  c  is  a  copper 
■    "ball  which,  during  the  experiments,  is  heated  under  redness ; 
while  the  tube  t  t  leads  to  a  gashoMer.     When  the  hot 

•  ball  c  is  placed  on  the  burner,  it  warms  tlie  air  in  contact 
with  it;  an  ascending  current  is  thus  established,  which, 
to  some  extent,  acts  upon  the  pile.  To  neutralise  this 
action,  a  large  Leslie's  cube,  L,  filled  with  water,  a  f«a^ 


L 
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degrees  above  the  air  in  temperattu-e,  is  placed  before  the 
opposite  face  of  the  pile.  The  needle  being  thus  brought 
to  zero,  the  gas  to  be  experimented  on  is  forced,  by  a 
gentle  water  pressure,  through  the  orifices  of  the  burner ; 
it  meets  the  ball  o,  glides  along  its  surface,  and  ascends 
in  a  warm  current,  in  front  of  the  pile.  The  rays  from 
the  heated  gas  issue  in  the  direction  of  the  arrows,  against 
the  pile,  and  the  consequent  deflection  of  the  galvanometer 
needle  indicates  the  magnitude  of  the  radiation. 

The  results  of  the  eTpertments  are  given  in  tho  column 
of  the  following  table  headed  *  Kadlation ; '  the  numbers  there 
recorded  marking  the  extreme  limits  to  which  the  needle 
swung,  when  the  rays  from  the  gas  fell  upon  the  pile: — 


KiMliAtlon. 

AtMnrptlon. 

Air  . 

ItiMTuiible 

Inwuaibte 

Oxygen    . 

•        II 

•        n 

Nitiogeo  . 

■       It       • 

•          H 

Hydrogen 

•       »»       • 

m 

Corbouic  oxiilo 

.      13*     . 

.     1B» 

Ciirbonifl  ucitl  . 

.      18      . 

.     25 

NitruuR  oxide  . 

.      29       . 

.     44 

Olufiaat  gtia 

.      53       . 

.     61 

In  the  second  column  of  figures,  under  the  head 
'Absorption,*  are  placed  the  deflections  due  to  the 
absorption  of  the  gases  here  employed,  at  a  commoD 
tension  of  5  inch©?.  A  comparison  of  the  two  columns 
shows  us  that  radiation  and  absorption  go  hand  in  band ; 
that  the  molecule  which  is  competent  to  intorcej}t  radiaot 
heat,  is  competent  in  a  proportionate  degree  to  geiiercUe 
radiant  heat.  That,  in  short,  a  capacity  to  accept  motion 
from  the  luminiferous  ether,  and  to  impart  motion  to  it, 
by  gaaeoua  bodies,  are  correlative  properties. 

And  here,  be  it  remarked,  we  are  relieved  from  all 
considerations  regarding  the  influence  of  cohesion  on  the 
residts.  In  solids  and  liquids  the  particles  are  more  or 
leas  in  thrall,  and  cannot  be  considered  as  individaaUv 
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free.  The  difference  in  point  of  radiative  and  aljsorptive 
power,  between  alum  antl  rock-salt,  for  example,  might  be 
fairly  regarded  as  due  to  tlieir  character  as  aggregates, 
held  together  by  crystallising  force.  But  the  difference 
lietween  oleBant  gas  and  atmospheric  air  cannot  i>e  ex- 
plained in  this  way ;  it  is  a  difference  dependent  on  the 
indiWdual  molecules  of  these  substances;  and  thuR,  our 
experiments  with  Qasea  and  vapours  probe  the  question  of 
atomic  constitution  to  a  depth  quite  unattainable  witii 
wlids  and  liquids. 


FtlRTnER    EXPERnirNTS   OK   CASKS. 

I  have  refrained,  thus  far,  from  giving  you  as  frdi  a 
tabular  statement  of  the  absorptive  powers  of  giises  aud 
vapours  as  the  experiments  made  with  the  apparatus  thus 
far  described  would  enable  me  to  do ;  knowing  that  re- 
sults obtained  with  another  apparatus  were  in  reserve, 
which  would  better  illustrate  the  subject.  This  second 
arrangement  is  the  same  in  principle  as  the  Brst,  only 
two  changes  of  importance  being  made  in  it.  The  first  ia 
that,  instead  of  making  a  cube  of  boiling  water  the  source 
of  heat,  a  plate  of  copper  is  employed,  against  which  a 
thin  steady  gas-Hame  from  a  Bunnen^s  burner  is  caused  to 
play,  raising  the  temperature  of  the  plate  to  ab<5ut  270'  C 
The  heated  plato  forms  the  back  of  our  new  front  chamber, 
which  latter  can  be  exhausted  independently,  as  before. 
The  second  alteration  is  tlie  substitution  uf  a  tube  of  glass 
of  the  same  diameter,  and  2  feet  8  inches  long,  for  the 
tube  of  brass  a  a',  Plate  1.  All  the  other  parts  of  the 
apparatus  remain  as  before,  llie  gases  were  introduced 
in  the  manner  already  described  into  the  experimental 
tube,  and  from  the  gaUanomctric  deflection  consequent 
on  the  entrance  of  each  gas,  its  absorption  was  cal- 
ciliated. 
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The  following  table  gives  the  relative  absorptions  of 
several  gases,  at  a  common  pressure  of  one  atmosphere. 
It  may  be  remarked  that  the  differencea  between  air  and 
the  other  gases  would  be  still  greater  if  the  brass  tube  had 
been  employed ;  but  the  use  of  it  would  have  excluded 
the  corrosive  gases  mentioned  in  the  table. 


AUnrpUonat 

>0  iDcboi  pctmim 


Kuna 

Air 

Oxjgon  .  •  •  • 
Nitrogao  .... 
Hjdngcn    ,        .        ■        . 

Obloriiio Z' 

UjdrochlDrie  acid         .        .        .        .  G3 

CHrlwBUi  oxide 00 

Carbonic  acid 90 

Nitrons  oxido 3&5 

Sulphido  of  liydrogan   ....  300 

Ua»h  gaa 403 

Sulphurous  acid 710 

OlofiBtit  pw 970 

Ammooid    .....        .  UM 

The  most  powerful  and  delicate  tests  yet  applied  have 
not  enabled  me  to  establitih  a  difTereuce  between  oxygen, 
nitrogen,  hydrogen,  and  air.  The  absorption  of  these 
substances  is  exceedingly  small- — probably  even  smaller 
than  I  have  assumed  it.  The  more  perfectly  the  above- 
named  gases  are  purified,  the  more  closely  does  their 
action  approach  to  that  of  a  vacuttm.  And  who  can  »ay 
that  the  best  drying  apparatus  is  perfect  ?  We  cannot 
even  say  that  sulphuric  acid,  however  pure,  may  not  yield 
a  modicum  of  vnpotu"  to  the  gases  pasi>iug  through  it,  and 
tlius  make  tlie  absorption  by  tliose  gases  appear  greater 
thtm  it  ought.  Stopcocks  also  must  bo  greased,  and 
hence  may  contribute  an  infinitesimal  impurity  to  the  air 
passing  through  them.  But  however  this  may  be,  it  is 
certain  that  if  any  further  advance  should  be  made  in  the 
purification  of  the  more  feebly  acting  gases,  it  will  only 
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serve  to  augmeut  the  etionuoDS  differences  of  absorption 
here  exhibited. 

Ammonia,  at  the  tension  of  an  atmoiphere,  exerts  an 
absorption  at  least  1,195  times  that  of  air.  Wben  a  metal 
screen  is  interposed  between  the  pile  and  the  experimental 
tnbe  filled  with  this  gas,  the  needle  moves  a  little,  but  so 
little  that,  unless  qnite  close,  you  entirely  fail  to  see  it. 
^Sliat  does  this  prove  ?  It  proves  that  the  ammonia  which, 
within  our  glass  tube,  is  as  transparent  to  light  as  the  air 
we  breathe,  is  so  opaque  to  the  heat  radiating  from  our 
source,  that  the  addition  of  a  plate  of  metal  hardly  aug- 
ments its  opacity.  There  is,  indeed,  reason  to  believe  that 
a  layer  three  feet  in  depth  of  this  light  transparent  gas,  is 
really  as  black  to  the  invisible  calorific  rays,  as  if  the 
experimental  tube  were  filled  witli  ink,  pitch,  or  any  other 
impervious  substance. 

With  oxygen,  nitrogen,  hjdrogen,  and  air,  the  action 
of  a  whole  atmosphere  is  so  small,  that  it  would  be  quite 
lUKless  to  attempt  to  determine  the  action  of  a  fractional 
part  of  an  atmosphere.  Could  we,  however,  make  such  a 
determination,  the  difTerenc-e  between  them  and  the  other 
gases  would  come  out  still  more  forcibly  than  in  the  last 
taUe.  In  the  case  of  the  energetic  gases,  we  know  that 
the  calorific  rays  are  most  copiously  aljsorbcd  by  the  por- 
tion of  gas  which  first  enters  the  experimental  tube;  the 
quantities  which  enter  last,  producing,  in  many  cases,  a 
merely  infinitesimal  effect.  If,  therefore,  instead  of  com- 
paring the  gases  at  a  common  pressure  of  one  atmosphere, 
we  were  to  compare  them  at  a  common  pressure  of  an  inch, 
we  should  doubtless  find  the  difference  between  the  least 
aljsorbenl  and  the  most  absorbent  gases  greatly  augmented. 
We  have  already  learned  that,  when  the  absorption  is  small, 
the  quantity  absorbed  is  proportional  to  the  amount  of 
gas  present.  Assuming  this  to  bo  true  for  air,  and  for 
the  other  feeble  gases  referred  to ;  taking,  that  is,  their 
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absorption  nt  I  inch  of  pressure  to  be  ^Ui  of  that  at  30 
inches,  and  calling  this  unity ;  wo  have  the  following  com- 
parative results.  It  will  be  understood  that  in  every  case, 
except  the  first  four,  the  absorption  of  1  inch  of  the  gas 
waa  determined  by  direct  experiment: — 

Hum  I  inch  prenurc 

Air 1 

O^gen 1 

NitrogcQ I 

Hydrogen 1 

Chlorino 60 

Uromtne •  160 

CarboiiiQ  oxido 750 

Carbooic  acid 07S 

Bjrdrobrotiiie  acid        ....  1006 

Nitric  oxide lAfK) 

Nitrotu  osida 18430 

Salpbide  of  fajrdrogen  ....  3100 

Aramooia fi480 

Olefiuitgu 603U 

SulphmooB  acid 6480 

What  extraordinary  differences  in  the  con-stitution  and 
character  of  the  molecules  of  varioua  gases  do  the  above 
results  reveal  1  For  every  ray  intercepted  by  air,  oxygen, 
hydrogen,  or  nitrogen — ammonia  intercepts  5,460  ; 
olefiant  gas  6,030  ;  while  sulphurous  acid  destroys  6,480. 
With  such  results  before  us,  we  can  hardly  help  trying, 
with  the  eye  of  intellect,  to  discern  the  physical  qualiticd 
on  which  these  vast  differences  depend.  Is  the  hope  un- 
warranted, that  we  may  ultimately  make  nuliant  heat  such 
a  f^ler  of  atomic  constitution,  that  we  shall  bo  able  to 
infer  from  its  action,  the  mechanism  of  the  molecules 
themselves  ? 

Have  we,  even  now,  no  glimpito  of  a  relation  between 
absorption  and  atomic  constitution?  You  remember  our 
experiments  with  gold,  silver,  and  copper ;  how  feebly  they 
radiated  and  how  feebly  they  absorbed.   We  heated  them  ty 
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boiling  water ;  Uiat  is  to  say,  we  imparted,  hy  the  contact  of 
the  hot  water,  motion  to  their  atoms ;  and  found  this  motior 
to  be  transferred  with  extreme  slowness  to  the  luminiferons 
ether.  That  the  atoms  of  these  bodies  move  with  scarcely 
any  resistance  throtigh  the  ether  which  surrounds  them, 
may  also  be  inferred  from  tlie  length  of  time  which  they 
reqtiire  to  cool  in  vacuo.  But  we  have  seen  that  when 
the  motion  which  the  atoms  possess,  and  which  tliey  are 
incompetent  to  transfer  to  the  ether,  is  imparted,  by  con- 
tact, to  a  coat  of  varnish,  or  of  chalk,  or  of  lam]jblack,  or 
even  to  flannel  or  velvet,  glass  or  earthenware,  these  bodies, 
being  goml  radiators,  rapidly  transfer  the  motion. 

In  what  respect  do  those  good  radiators  dififer  from  the 
metals  referred  to?  In  one  profound  particular — the 
metals  are  elements ;  the  others  are  compcmiuh.  In  the 
metala,  the  atoms  vibrato  singly;  in  the  vamish,  velvet, 
earthenware,  and  glass,  they  vibrate  in  groups.  And  now, 
in  bodies  as  diverse  from  the  metals  as  can  possibly  be 
conceived,  we  find  the  same  significant  fact  making  its 
appearance.  Oxygen,  hydrogen,  nitrogen,  and  air,  ara 
elements,  or  mixtures  of  elements,  and,  both  as  regards 
radiation  and  absorption,  their  feebleness  is  declared. 
They  vibrate  in  the  ether,  with  scarcely  any  loss  of 
energy. 

It  is  impossible  not  to  be  struck  by  the  position  of 
cblorine  and  bromine  in  the  last  table.  Chlorine  is  an 
extremely  dense  and  also  a  coloured  gas  ;  bromine  is  a  far 
more  deniiely-coloured  vapour ;  still  we  find  them,  as  re- 
gards perviousness  to  the  heat  of  our  source,  standing 
above  every  transparent  compound  gas  in  the  table.  The 
act  of  combination  with  hydrogen  produce?,  in  the  case  of 
each  of  these  substances,  a  transparent  compound ;  but 
the  chemical  act,  which  augments  the  transparency  to 
light)  augmenU   the  opacity  to  invisible  heat.     Hydro- 
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chloric  acid  absorbs  more  than  chlorine ;  and  hydrobrc^o 
acid  absorbs  mor«  than  bromine. 

Further,  the  element  bromine  is  here  in  tlie  liquid 
condition.  Phiced  in  this  glass  cell  it  cuts  off  utterly 
Uie  tlame  of  a  lamp  *r  candle.  But  when  a  candle  19* 
placed  in  front  of  the  cell,  and  a  thermo-electric  pile 
heliind  it,  the  prompt  movfiment  of  the  needle  declares 
the  passage  of  radiant  heat  through  the  bromine.  This  heat 
consists  entirely  of  the  obscure  rays  of  the  candle,  for  the 
light,  as  stated,  ia  utterly  cut  off.  Let  us  remove  the 
candle,  and  put  in  its  place  a  copper  hall,  heated  not 
quite  to  redness.  The  needle  nt  once  flics  to  ita  stops, 
showing  the  tranfsparency  of  Uie  bromine  to  the  heat 
emitted  by  the  ball.  It  is  imposi^ible,  I  think,  to  close 
our  eyes  against  this  convergent  evidence  that  the  free 
atoms  swing  with  ease  in  the  ether,  wliile  when  grouped 
by  chemical  imion  into  oscillating  systems,  they  cause  ita 
waves  to  swell;  imparting  to  it  an  amount  of  motion 
quite  beyond  their  power  to  communicate  as  long  as  they 
remained  uncombined.* 

But  it  will  occur  to  you,  no  doubt,  (hat  lampblack, 
which  is  iin  elementary  substance,  is  one  of  the  l»cst 
absorbers  and  radiators  in  nature.  Let  us  examine  this 
substance  a  little.  Ordinary  lampblack  contains  many 
impurities  ;  it  has  various  hydrocarbons  condensed  within 
it,  and  these  hydrocarbons  are  powerful  absorbera  and 
radiators.  Lampblack,  therefore,  as  hitlierto  applied, 
can  hardly  be  considered  an  element  at  all.  I  have, 
however,  had  the  hydrocarbons  in  great  part  removed,  by 
carrying  through  red-hot  lampblack  a  current  of  chlorine 
gas:  but  the  purified  substance  Rtill  continued  to  be  a 
powerM  radiator  and  absorber.     Well  what  is  lampblack  ? 


^  I  thovld  liktt  to  rcBtrre  my  optDloo  u  to  the  comptLr&tirft  itrengtb  of 
iha  radialioa  of  tha  molecule  u  h  vfaolu,  and  tliat  of  its  coastituoiit 
atomi. 
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CbemiHts  will  tell  you  that  it  ib  an  ailotropic  form  of  the 
diamond  :  here,  in  fact,  is  a  diamond  reduced  to  charcoal 
by  intense  heat.  Now  the  ailotropic  condition  has  long 
been  defined  as  due  to  a  difference  of  molecular  arrange- 
ment; hence,  it  is  conceivable  that  this  arranj^emtrnt, 
which  causes  such  a  marked  physical  difference  l>ctween 
lampblack  and  diamond,  may  consist  of  an  atomic  ^ouping, 
which  causes  the  body  to  act  on  radiant  heat  as  if  it  were 
a  compound.  Such  an  arrangement  of  an  element,  though 
exceptional,  ia  quite  conceivable ;  and  it  will  afterwards 
be  shown  that  this  is  actually  and  eminently  the  case  as 
regards  ozone — an  ailotropic  form  of  our  highly  ineffectual 
oxygen. 

But^  in  reality,  lampblack  is  not  so  impervioiie  as  you 
might  suppose  it  to  be.  Melloni  lias  shown  it  to  be 
transparent,  in  an  unexpected  degree,  to  radt;mt  heat 
emanating  from  a  low  source,  and  the  experiment  now  tu 
be  performed  will  more  than  corroborate  his.  This  plate 
of  rock-salt,  by  being  held  over  a  smoky  lamp,  hixs  been  so 
thickly  coated  with  scut  tliat  it  does  not  allow  a  tnice  of 
light  from  the  most  brilliant  gas  jet  to  paiiS  through  it. 
Between  the  smoked  plate  and  a  vessel  of  boiling  water, 
which  is  to  se^ve  as  our  source  of  beat,  I  place  a  screen, 
the  thermo-electric  pile  being  at  tho  other  side  of  the 
smoke*!  plate.  ^Tien  the  screeu  is  withdrawn,  the  needle 
moves  from  zero,  its  final  and  permanent  deSection  being 
52^  I  now  cleanse  the  salt  perfectly,  and  determine  the 
radiation  through  the  unsmoked  plate — the  deflection  is 
7 1^  But  the  value  of  the  deflection  52%  expressed  with 
reference  to  our  usual  unit,  is  85,  and  the  value  of  71% 
or  the  total  radiation,  is  about  222.  Hence,  the  whole 
radiation  is  to  the  radiation  through  tho  soot  as 

222  :  85  =  100  :  38 
that  is  to  say,  38  per  cent,  of  the  incident  heat  hoa  been 
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transmitted  by  tho  layer  of  lampblack,  We  sh.iU  have  to 
deal  subsequently  with  far  more  impressive  illustrations 
of  the  diathermancy  of  opaque  bodies  than  that  here  ex- 
hibited by  lampblack. 


Fa&TE£R    KXFERIUF.NTS   ON    VAPOURS. 

I  have  now  to  bring  before  you  some  new  expcrimenta 
on  vapours,  executed  with  the  apparatus  last  described. 
A  number  of  flasks  were  prepared,  of  the  shape  and  sise  of 
common  test-tubes,  each  of  which  was  provided  with  n 
Bcrew-eap  carefully  cemented  on  to  it,  and  by  means  of 
which  it  could  be  attached  to  a  stopcock,  and  thus  con- 
nected with  the  experimental  tube.  The  mode  of  opera- 
tion was  this :  The  liquid  was  introduced  into  the  flask  by 
means  of  a  small  glass  funnel.  A  stopcock  was  then  attached 
to  the  flask,  and  connected  with  a  secoiid  air-pump,j 
kept  always  at  hand.  The  air  above  the  lifpiid  was  re- 
moved, and  the  air  dissolved  in  it  allowed  to  bubble 
awny,  until  nothing  remained  but  the  pure  liquid  belowj 
and  the  pure  vapour  above  it.  The  stopcock  was  then  shut 
off,  and  the  flask  united  to  the  experimental  tube.  The 
exhaustion  of  the  experimental  tube  being  complete,  and 
the  needle  of  the  galvanometer  at  zero,  the  cock  attached 
to  the  flask  was  turned  on,  and  the  mercury  gauge  carefully 
observed  at  the  same  time.  No  bubbling  of  the  liquid  whs 
in  any  case  permitted.  The  vapour  entered  silently  and 
without  the  slightest  commotion  ;  and  when  the  mercurial 
column  was  depressed  to  the  extent  required,  the  vapour 
was  promptly  intercepted. 

The  energy  with  which  the  needle  moves  the  momeut 
a  strong  vapour  enters  is  so  extraordinary  that,  lest  the 
shock  against  them  should  derange  the  magnetism  of  thftj 
astatic  pair,  I  have  had  to  remove  the  stops  which  arrested" 
the  swing  of  the  needle  at  90*.     It  often  swings  far  beyond 
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a  quadrant ;  and  after  it  has  come  finally  and  permanently 
to  rest,  its  position  is  observed  in  the  following  manner  : 
The  dial  of  the  p^tvanometer  being  well  illuminated,  a 
looking-glass  is  placed  behind  the  instrument,  at  such  an 
angie  that  when  looked  at  horizontally  tlie  image  of  the 
dial  is  clearly  seen.  This  image  is  observed  by  a  good 
telescope  fixed  at  a  distance  of  1 1  feet  from  the  gal- 
vanometer. Attached  to  the  needle  and  in  continuation 
of  it,  is  a  bit  of  glass  fibre  of  extreme  fineness,  blackened 
with  Indian  ink.  This  index  ranges  over  the  graduated 
circle,  and  by  means  of  it  a  very  small  fraction  of  a  degree 
can  be  easily  read  otT.  Previous  experiments  had  taught 
me  that  it  was  dangerous  to  go  too  near  the  delicately 
suspended  needle.  In  this  way,  the  vapours  of  the  sub- 
Btancee  mentioned  in  the  next  table  have  been  examined 
at  preaaures  of  0*1,  0*5,  and  1  inch,  respectively. 


Ateorpilon  of  Vupmui 

«t  tiM  pfWUHJl 

01 

0-s 

1-0 

Bisulphide  of  cnrbon  .        .        .      Ifi 

47 

02 

lodidd  of  methyl. 

.      U 

147 

342 

Ucoxol 

6G 

182 

267 

Chloroform . 

86 

182 

336 

Mcthylic  alcohol 

1<]9 

300 

£D0 

Amyloac 

183 

636 

823 

Sulphuric  Pther  . 

SOO 

7iU 

870 

Alcohol 

325 

622 

Formic  ether       . 

480 

870 

1076 

AcHie  ethor 

6flU 

980 

1105 

Propioanto  of  ethjl 

.     69<I 

970 

Bonicic  ether 

6'2() 

Let  us  compare  some  of  the  results  recorded  in  this 
table  of  Iransparent  vapours  with  the  action  of  the  dark 
coloured  vapour  of  bromine.  The  absorption  of  bromine 
vapour  at  I  inch  pressure  is  about  6,  and  at  0*1  of  an  inch 
pressure  would  probably  not  exceed  1  ;  hence  at  0*1  of  an 
inch  pressure,  bisulphide  of  carbon  exerts  probably  Id 
times  the  absorbent  power  of  bromine  ;  bub  bivulphidc  of 
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carbon  is  the  feeblest  of  the  compound  vapours  hitherto 
discovered.  Tlie  strongest  of  these,  boracic  ether,  has, 
according  to  the  above  estimate,  and  at  the  pressure 
stated,  more  than  600  times  the  absorbing  energy  of  Uie 
strongly-coloured  bromine. 

The  whole  of  the  numbers  in  the  above  table  are  re- 
ferred to  atmospheric  air  as  unity ;  O'l  of  an  inch  of  bisul- 
phide of  carbon  vapour,  for  example,  abeorbe  15  times  as 
much  as  a  whole  atmosphere  of  air.  Let  us  compare,  for 
an  instant,  the  action  of  boracic  ether  with  that  of  air. 
We  arrive  at  an  approximate  comparison  in  this  way. 
The  absorption  of  the  tenth  of  an  inch  of  boracic  ether  is 
something  more  than  that  of  a  whole  inch  of  methylic 
alcohol ;  by  diminishing  the  quantity  of  methylic  alcohol 
to  one-tenth,  we  reduce  its  absorption  from  ^90  to  109. 
The  absorption  of  one-tenth  of  an  inch  of  boracic  ether  is 
<}20'';  suppose  its  absorption  to  diminish  with  diminished 
quantity  in  the  proportion  of  methylic  alcohol,  we  should 
then  have  for  0*01  of  an  inch  of  boracic  ether  an  absorption 
of  111  ;  that  is  to  say,  for  -j-oVs*^  °^  ^°  atmosphere  of 
boracic  ether,  we  should  have  an  action  1 1 1  times  that  of 
a  whole  atmosphere  of  oxygen,  nitrpgen,  hydrogen,  or 
atmospheric  air. 

With  the  transparent  elementary  gases  it  is  impossible 
to  measure  directly  the  absorption  of  0*1  of  an  inch  ;  but 
assuming,  as  before,  that  up  to  an  absorption  of  1  the 
effect  is  proportional  to  the  quantity  of  gas  present,  the 
absorption  of  each  of  the  elementary  gases,  at  a  pressure 
of  O'l  of  an  inch,  would  be  about  0*0033;  hence  the  a 
sorption  of  boracic  etlier  at  0*1  of  an  inch  pressure  is 
that  of  air  at  the  same  pressure  as 

620  :  0-0033, 


which  would  give    to  the 
186,000  times  that  of  air. 


ether  an    abeorblng  energy 
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I  have  already  spoken  of  tlie  blackness  of  ammonia  at 
30  inches  pressure.  lieferring  to  tbe  table  on  p."4fe  346, 
its  absorption  is  found  to  be  1193.  In  thn  last  table  tbe 
vapour  of  acetic  ether,  under  ouly  one-thirtieth  of  tbe 
pressure  of  tbe  ammonia,  produces  apparently  tlie  same 
effect;  its  absorption  is  aUo  1195.  Such  fauts  ^ive  oue 
entirely  new  ideas  of  the  capabilities  of  gaseous  matter; 
and  our  wonder  will  not  be  diminished  by  the  results  to  be 
recorded  further  on. 


At  an  early  stage  of  these  inquiries,  the  danger  of  a 
change  of  reBcctivc  power  occurring  on  the  interior  surface 
of  the  experimental  tube  was  forced  on  my  attention. 
"Wishing  to  try  the  actiou  of  clilorine  on  radiant  heat,  I 
admitted  a  qiiuntity  of  the  gas  into  tlic  polished  tube. 
The  needle  was  deflected  with  prompt  energy,  but  on 
pumping  out  it  refused  to  return  to  its  first  position.  To 
cli'unse  tbe  tube  dry  air  was  introduced  into  it  ten  times 
in  succession ;  but  the  needle  continued  to  point  ptersist- 
ontly  to  the  40th  degree  from  zero.  The  cause  watt  at 
once  surmised ;  the  chlorine  hod  attacked  the  polished 
metal  and  partially  destroyed  its  reflecting  power,  the 
stoppage  of  the  radiant  heat  by  the  sides  of  the  tube  itself 
being  the  cause  of  the  observed  deflection.  For  subsequent 
experiments  the  interior  of  the  tube  liad  to  be  oarefuUy 
repoUshed. 

Some  of  those  who  have  followed  me  in  these  re- 
seftrcbes  do  not  appear  to  be  quite  aware  of  the  labour 
of  veriflcation  expended  on  them;  otherwise,  I  imagine, 
greater  caution  would  have  been  employed  in  the  repeti- 
tion of  the  experiments.  In  reference  to  the  present 
point,  it  immediately  occurred  to  me  that,  though 
no  gns  or  vapour  previously  examined  had  produced  a 
•  permanent  effect  of  the  kind  observed  with  chlorine,  it 
was  neocssuy  to  be  perfectly  sure  that  a  change  of  reflective 


HEAT  A  MODE  OF  MOTION. 


LBcr.  nr. 


power  within  the  tube  had  not  vitiated  the  other  resultu 
With  the  permanent  gases,  this  suspicion  was  immediately 
Bet  at  rest :  but  a  real  cause  of  anxiety  was  the  possible 
precipitation  of  the  vapours  examined  on  the  polished 
interior  surface  of  the  tube.     Such  precipitation  might 
damage  the   reflector  without  prwhicing  the  permanent^ 
eflfect  of  chlorine.     I  therefore  resolved  to  abolish  the  re- 
flecting surface,  and  test  the  results  with  unreflectcd  heat*J 
A  length  of  two  feet  of  the  braiss  experimental  tul)e  wa 
therefore  coated  carefully  on  the  inside  with  lampblack, 
so  !i3  practically  to  destroy  its  reflective  power.     With  it 
were  determined  the  absorptions  of  all  the  vapours  previ- 
ously examined,  at  a  common  pressure  of  0*3  of  an  inch. 
A  general  corroboration  was  all  here  aimed  at,  and  I  am 
satiated  that  the  slight  dificrcpancies  which  the  measure- 
ments exhibit  would  disappear,  or  be  accotmted  for,  by  a 
still  more  careful  examination. 

In  the  following  table  the  results  obtained  with  the 
blackened  tube  and  with  the  polished  tube  arc  placed  side 
by  side,  the  pressure  in  the  former  case  being  three-tenths 
and  in  the  latter  tive-tonths  of  an  inch. 


Abanption  p«r  100 

BtackOMd  Tubs 

Btl|[fatl^b« 

Vapoor 

0->  pr— lire 

o-ft  pTMKtca 

Binlpliide  of  carbon 

6 

21 

n 

Indide  of  moth^-l 

.     la-8 

60 

71 

B«nxol 

.     17a 

78 

7» 

CUlarufonu 

.     17fi 

89 

7» 

lodido  (tf  ethjl  . 

.     21-5 

94 

»7 

Wood-spirit 

.     26-5 

128 

120 

Motlijlic  ttlcohol 

.     29 

198 

IS1 

Chlorida  of  amjrl 

.     80 

IS7 

lis 

Am^Ieue    . 

.     31-8 

Ifl7 

liS 

The  order  of  absorption  is  here  shown  to  bo  exactly 
the  same  in  both  tubes,  the  quantity  intercepted  in  the 
bright  tube  being  in  general  about  4^  times  that  absorbed 
in  the  black  one.     In  the  third  column,  indeed^  I  have 
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placed  tbe  numbers  contained  in  the  first  column  multi- 
plied by  4*5.  Tbese  results  completely  dissipate  tbe  sus- 
picion tbat  tbe  effects  observed  witb  the  polished  tube 
could  be  due  to  a  change  of  the  reflecting  power  of  its 
inner  sur&co  through  the  contact  of  tbat  surface  with  the 
vapours  employed. 

It  is  easy  to  show  in  a  general  wny  the  absorption  of 
radiant  beat  by  the  stronger  vapours.  An  open  tube  will 
answer  the  purpose,  when  quantitative  results  are  not 
sought.  The  tube  may  even  be  dispensed  witb,  and  the 
vaptmr  discharged  from  a  slit  in  the  open  nir  between 
the  pile  and  the  source,  A  few  specimen  results  obtained  in 
this  rough  way  will  suflBce  for  illustration.  Two  cubes  of 
boiling  water  were  employed,  and  in  the  usual  manner 
the  needle  was  brought  to  zero.  Dry  air  was  then  urged 
from  a  gas  bag  (a  common  bellows  would  answer  the  same 
purpose)  through  a  U-tube  containing  fragments  of  glass, 
moistened  with  the  liquid  whose  vapour  was  to  be  ex- 
amined. The  mixed  air  and  vapour  were  discharged  in 
the  open  air  in  front  of  tbe  pile,  and  the  extreme  limit 
of  the  awing  of  the  galvanometer  needle  was  noted. 

Vapoiir  diKhKTged  tb^  of  swing 

In  opoo  Ki  of  uawQt 

Sniphuhc  ethor 118° 

Ponnic  ether 117 

Acetic  ether  ......       92 

Araylone        ......      01 

Bidulphide  of  cnrlmn      .        .        .         .61 

Valerifi  etber 32 

BoDiol ai 

Alcohol 31 

Tlie  influence  of  volatility  here  forces  itself  upon  the 
attention.  The  action  of  courso  depends  on  the  amount 
of  vapour  discharged,  a  quantity  directly  dependent  on 
the  volatility  of  the  liquid.  It  is  in  consequence  of  its 
greater  volatility  that  bisulphide  of  carbon  is  here  able  to 
transcend  the  far  more  energetic  alcohol. 
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APPENDIX  TO  LECTURE  XU. 


I  GIVE  hore  a  brief  indication  of  the  moihod  of  oatibratiag 

tho  golranomoter  rccommouded  bjMelloni: — 

Fio.  105.  Two   small  vessels,  v  v,    half- 

filled  with  mcrcnry,  are  connected 
by  two  Bhort  wires,  with   Uie  ei- 
tremitica  a  a  of  the  galvanometer. 
If,  bjr  means  of  a  wire  f,  a  com* 
mnntcation  be  eatabliabed  betwernij 
the   two   tcsscIh,  the   quantity  of] 
electricity  circalating   in   the   gal*l 
Tanomctcr  will  bo  thna  diminifihcda! 
and  with   it  tho  dcfloction  of  the| 
needle. 
Supposing  that  by  varj'tng  the  qnanlity  of  heat  (ktling  on 

tho  pile  wo  obtain  a  Beries  of  deflections  by  the  whole  currcDt  of 

i*   8»,  18*.  ir*.  20**,  a*"; 

and  that  when  the  branch  wire  is  intradaced,  these  duflections 
fall  to 

1°,  2''.  3',  4",  6",  er; 

then,  the  whole  cnrront«  are  to  the  reduced  ourrentit, : 
tirely,  as  4  :  1.  Tlua  ratio  of  the  currents  is  maintained;  bal 
the  ruiio  of  the  dejlvcttonji  is  not.  If^  for  example,  tho  reduced 
current  ppodncc  a  dcflcctioa  of  12°,  the  whole  current  will 
not  produce  a  dt-Bection  of  12°  X  4  =  48*,  but  only  of  4P. 
If  the  reduced  current  produce  a  dellection  of  1(1",  the  dcfli-o- 
tion  by  the  whole  carreut  will  not  bo  64%  but  40".  IE  '^0"  bo 
the  deflection  of  tho  reduced  current,  that  of  the  whole  current 
will  not  bo  80°,  but  50".  If  2-4°  be  tho  smaller  deflection,  tho 
larger  one  will  not  be  i>6°,  but  only  53°.  Making  one  of  tho 
lower  degrees  our  unit,  wo  should  have,  in  tho  caaoa  hero  oon« 
siiloredi  the  following  relatious : — 


Dofloctioiw  4         .     1°.  6°,  10°,  IS°,  20°.  28«  .  . 
Um'u  .        .        .     1.    A.     10.     Id.    20,    26  .  . 


.  .  41",  «*,  60^,  W. 
,  .   4S,    64,    80.    M 
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Acnoji  or  ODOOorfl  soBstxscKS  crosi  kadunt  umt — actiov  or  oxons 

OPOV  RiDIAIfT  HEAT— DKnmiOHATIOir  Or  TBB  BXDUTIOH  kSD  IBSORPTIOV 
or  OASn  AKP  TAFOUBS  WlTBOtrr  ANT  DOVnCM  or  KKAT  KXTXUXAI.  TD 
THB   OASKOL'S    DOUT— DTHjUlIO    BASIATION    AND  AaSOiiiTlOX — UADIATIOlt 

TRBouoa  THK  SAsm'a  ATHOSPBK&i— iHrLViNcB  Or  THB  AQonons 
TAFOUK  or  Tin  Anfospmfta  om  ftAniAiri'  hkat — oowNicrioH  or  tub 
BAOUHT  Ayi>  ABsonrnvT  rownt  or  AQtrrocs  tafoub  wirn  metgoko- 

IXWICAt    PlfSNOMSNA. 

Arrsnitz :— rtniTHEit  pbtails  or  nni  icnow  or  Hunro  aio. 


AOnON    or   PERFtJUBS   ON    BADIANT   HEAT. 

SCEXTS  and  effluvia  generally  have  long  occupied  the 
attention  of  observant  men,  and  they  have  formed 
favourite  illustrations  of  the  'divisibility  of  matter.'  No 
chemist  ever  weighed  the  perfume  of  a  roge;  but  in 
radiant  heat  we  have  a  test  more  refined  than  the  chemist's 
balance.  Let  ua  apply  this  test  to  odours,  and  see  whether 
they,  notwitlistanding  their  almost  iuEnite  attenuation, 
do  not,  like  the  vapours,  exercise  a  measurable  influence 
on  radiant  heat. 

We  will  operate  in  a  very  simple  way.  A  number  of 
small  and  equal  squares  of  bibulouij  paper  are  rolled  up 
eo  ae  to  form  little  cylinders,  each  about  two  inches  in 
lengtli.  Each  paper  cylinder  is  then  moistened  by  dipping 
one  end  of  it  into  an  aromatic  oil ;  the  oil  creeps  by  capil- 
lary attraction  through  the  paper,  until  the  whole  of  the 
roll  becomes  moist.     The  roll  is  introduced  into  a  glass 
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tube,  of  a  fliaineter  which  enabliffl  the  paper  cylinfler  to 
fill  it  witliout  being  squeezed,  and  between  the  drying 
appamtus  and  the  exhausted  experimental  tube  is  placed 
the  tube  containing  the  scented  paper.  By  the  turning  of 
a  cock|  dry  air  is  drawn  gently  through  the  folds  of  tlie 
saturated  paper.  The  air,  laden  with  the  perfume,  passes 
forward  into  the  experimental  tube.  The  heat  absorbed 
by  one  atmosphere  of  dry  air  we  assume  to  be  unity ;  and 
any  additioual  alrsorption  which  thcM  experiments  reveal 
must  be  due  to  the  scent  which  accompanies  the  air. 

The  following  table  gives  a  condensed  view  of  the  ab- 
sorption of  the  sul>stances  mentioned  in  it,  with  reference 
to  the  unit  just  mentioned. 


Perfutnes, 

Knnne  of  jt^rrmae  Abtarptlon 

Piitchoali 30 

6&odal-wood 93 

Gomntnm S3 

Oil  of  cIuTos S4 

OttoofroHt S7 

B«r;gaii)ot 44 

Ncroli 47 

LflTCCdLT 60 

Lemon  ..,.,•.  66 

Portugml 67 

Thyme 66 

KoKomary              .        ,        ...  74 

Oilofkur*) 80 

CHBKHaile  flowers 87 

OlMA 109 

SpikoQHfd               .        ■        .        .        •  t&S 

Auiwed          •....)  372 

The  number  of  atoms  of  air  here  in  the  tube,  in  com- 
parison with  the  molecules  of  the  odours,  must  bo  regarded 
as  almost  inlinitc ;  still  the  latter,  thinly  scattered  as  they 
arc,  intercept  from  30  to  372  times  the  quantity  of  radiant 
heat  absorbed  by  the  air.     It  would  be  idle  to  specutat? 
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on  the  quantities  of  matter  implicated  in  these  re- 
Bults,  I'robably  they  would  liave  to  be  multiplied  by 
millions  to  brinj^  them  up  to  the  pressure  of  the  atmo- 
sphere. 

In  additiou  to  these  experiments  on  the  essential  oilii, 
others  were  made  on  aromatic  Iierhs.  A  number  of  such 
were  obtAined  from  Covent  Garden  Market.  They  were 
dry,  in  the  common  acceptation  of  the  term ;  that  is  to 
Bay,  they  were  not  green,  but  withered.  Still,  I  fear  the 
results  obtained  with  them  cannot  l>e  regarded  as  faultless, 
on  accoimt  of  the  probable  admixture  of  aqueous  vapour. 
The  aromatic  parte  of  the  plants  were  stuSed  into  a  gbiss 
tube  eighteen  inches  long  and  a  quarter  of  an  inch  in  dia- 
meter. Previous  to  connecting  them  with  the  experimental 
tube,  they  were  attached  to  a  second  air-pump,  and  dry 
air  was  carried  over  them  for  some  minutes.  They  were 
then  connected  with  the  experimental  cylinder,  and 
treated  as  the  e-<sential  oils ;  the  only  difference  being 
that  a  length  of  eighteen  inches,  instead  of  two,  was 
occupied  by  the  herbs. 

Thyme,  thus  examined,  produced  an  absorption  thirty- 
three  times ;  peppermint  thirty-foiur  times;  spearmint 
thirty-eight  times;  lavender  thirty-two  times;  worm- 
wood forty-one  times;  cinnamon  fifty-three  times  that 
of  the  air  which  carried  the  scent.  As  already  hinted, 
these  results  may  be  complicated  with  the  action  of 
aqueous  vapour :  its  quantity,  however,  must  have  been 
in6nite8imal. 


ACTION  OF  OZONR. 


There  is  another  substance  of  great  interest  to  the 
chemist,  to  which  we  may  apply  the  test  of  radiant  heat ; 
but  the  attainable  quantities  of  it  are  so  minute  as  almost 
to  elude  measurement.    I  mean    that   extraordinary  sub- 
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anoe,  ozone.  This  body  is  known  to  be  liberated  at 
the  oxygen  electrode,  when  water  is  decomposed  by  an 
electric  current.  To  investigate  its  action,  three  dif- 
ferent decomposing  cells  were  constructed.  In  the  first , 
(Xo.  1)  the  platinum  plates  used  as  electrodes  hud  each 
about  four  square  inches  of  sur&ce ;  the  plates  of  the 
st-'cond  (No.  2)  had  two  square  inches  of  surface ;  while  the 
plates  of  the  third  (No.  3)  had  only  one  square  inch  of 
surface. 

My  reason  for  using  electrodes  of  different  sizes  was 
this : — On  first  applying  radiant  heat  to  the  examina- 
tion of  ozone,  I  constructed  a  decomposing  cell,  in  which, 
to  diminish  the  resistance  of  the  current,  very  large 
platinum  plates  were  used.  The  oxygen  thus  obtained, 
which  ought  to  have  embraced  the  ozone,  showed  scarcely 
any  of  the  reactions  of  this  substance.  It  hardly  dis- 
coloured iodide  of  potassium,  and  was  almost  without  action 
on  radiant  heat.  A  second  decomposing  apparatus,  with 
smaller  plates,  was  tried,  and  here  the  action,  both  on 
iodide  uf  potassium  and  on  radiant  heat,  was  very  decided. 
IJeing  unable  to  refer  these  differences  to  any  other  cause 
than  the  different  magnitudes  of  the  plates,  I  formally 
attacked  the  subject,  by  operating  with  the  three  cells 
above  described.  Calling  the  action  of  the  main  bo<ly 
of  the  electrolytic  oxygen  unity;  that  of  the  ozone  which 
accompanied  it,  in  the  respective  cases,  is  given  in  the 
fulluwing  table; 

Kamtvr  of  ctO  AbiorpUoa 

No.  1 20 

No.  a H 

No.  S 47 

Thu9,  the  modicum  of  ozone  which  accompanied  the 
oxygHU,  and  in  comparison  to  which  it  is  a  vanishing 
quantity,  exerted  an  action  from  twenty  to  forty-eeven 
times  that  of  the  oxygen.     Tlie  in6uence  of  the  size 


xm. 
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ihe  plates,  or,  in  other  wonis,  of  the  density  of  the 
current  where  it  enteis  the  liquid,  on  the  producUon  of 
oxone  is  rendered  strikingly  manifest  by  these  experi- 
ments. 

Portions  of  the  plates  of  cell  Xo,  2  were  next  cut 
away,  90  as  to  make  them  smaller  than  those  of  No.  3. 
The  reduction  of  the  plates  was  accompanied  by  an  in- 
crease of  the  action  upon  radiant  heat ;  the  absorption 
rose  at  once  from  34  to 

65. 

The  plates  of  No.  3  were  nest  reduced,  so  as  to  make 
them  smallest  of  all.  The  ozone  now  generated  by  N'o.  3 
efifectcd  an  absorption  of 

85. 

Thus,  we  see  that  the  action  upon  radiant  beat  ad- 
vances as  the  size  of  the  electrodes  is  diminished. 

Heat  is  known  to  be  very  destructive  of  ozone ;  and 
suspecting  the  development  of  heat  at  the  small  electrodes 
of  the  cell  last  made  use  of,  I  surrounded  the  cell  with  a 
mixture  of  poumled  ice  antl  salt.  Kept  thus  cool,  the 
absorption  of  the  ozone  generated  rose  to 

136, 

There  is  a  perfect  correspondence  between  these  results 
and  those  of  AOI.  de  la  Kive,  Soret,  and  Meidiu^ifer, 
though  there  is  no  resemblance  between  the  modes  of 
experiment.  Such  on  agreement  is  calculated  to  augment 
our  cou6dciice  in  radiant  hcofc,  as  an  investigator  of  mole- 
cular condition.' 

■  M.  Mflidinffrr  cmsmoncw  his  paper  by  showing  thii  5l>fMmee  of  ngirtH 
meat  betwv«a  thvury  nnd  experiiniuil  in  the  deco^lpu^itlaa  of  watur,  iho 
diffcnwo  showing  itHlf  Tory  dwidedly  in  ii  dvficieocv  of  oxygon  vAci*  tke 
ettrrmt  im«  atroHtj.  On  hmitlog  \n»  eh^crrolyto,  hi<  funnd  ihat  this  dif- 
forence  diaappearod.  tho  proper  quantity  of  oxygen  being  then  libomtod. 
IIf>  at  onc«  surmiBHl  that  the  defect  of  oxygon  might  be  dun  to  th«  IVjntL»> 
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The  quantities  of  ozone  involved  in  the  foregoing  ex- 
perimenta  would  be  perfectly  unmeasurable  by  ordinary 
means.  Still,  its  action  upon  radiant  heat  is  so  enei^tic 
as  to  place  it  beside  defiant  gas,  or  boracic  ether,  as  an 
absorbent — bulk  for  bulk,  it  might  transcend  either.  No 
elementary  gas  that  I  have  examined  behaves  at  all  like 
ozone.  If  it  be  oxygen,  the  oxygen  atoms  must  be  packed 
in  groups.  I  sought  to  decide  the  question  whether  it  is 
oxygen,  or  peroxide  of  hydrogen,  in  the  following  way. 
Heat  destroys  ozone.  If  it  were  oxygen  only,  bent  would 
convert  it  into  the  common  gas :  if  it  were  the  hydrogen 
compound  which  some  chemists  consider  it  to  be,  heat 
would  convert  it  into  oxygen,  plus  aqueous  vapour.  The 
gas  alone,  admitted  into  the  experimeutal  tulje,  would 
give  the  neutral  action  of  oxygen,  but  tbe  gas,  plus  the 
aqueous  vapour,  would  probably  give  a  greater  action. 
The  dried  electrolytic  gas  waa  first  caused  to  pass  through 

tioD  of  ozone  ;  hut  bow  did  the  sulistance  Mt  to  prudnrv  the  dimmntioD  of 
the  oxvgeii  ?  If  tho  defect  wen  due  to  tlie  groat  dautitj  of  \he  oxoae,  tha 
devtrocttun  of  this  satntAitce,  by  hont,  irould  restoro  tlie  onygen  to  its  tnio 
volumn.  8truQg  hrntiDg.  buwerer,  which  duLroyBd  llie  osuiM,  pnxlae«i]  no 
•Itemtioii  uf  Tolume,  henco  M.  ^loidioger  conclndod  tluit  the  rSiict  which 
ba  observed  was  not  due  to  the  ozone  which  ncnuiiicd  niixi<d  with  the  uxy- 
geD  itHFiir  IIo  flnftlly  concludod,  And  juitifipd  hiti  oonchidon  by  saUB&clonr 
experiments,  thht  tho  loss  of  oxygpn  wai  due  to  the  furmatioo.  in  the  water, 
of  peroxide  of  hydrogen  by  the  osone;  the  ox^en  being  tbos  withdrawn 
ttom  thf-  tube  to  which  it  belonged,  lie  aIio,  ob  H.  de  U  Rive  hud  pn- 
rioulj  doni>,  experimented  vith  electrodes  of  diffennt  sisei.iind  found  the 
loss  of  oxygen  touch  more  coiiKideraMo  with  a  laiall  electrodii  tfaM 
with  a  large  one-  wheiica  he  itifencd  thuc  the  formolioti  of  osone  wna 
fiicilitflted  by  aoffmnitmff  tie  dentitg  of  the  cvrrrnf  at  the  j<lace  wMert  «/<fr 
trade  and  tUclrolyte  fiM€t.  The  same  conclnaion  ig  deduced  fnim  the  abora 
experiments  on  nbcliuot  heat.  No  two  thing*  could  be  morn  dirrrw  than 
tbe  two  modes  of  pmoeodiog.  M.  Meidinger  oooght  for  tho  oxygon  which 
hod  disAppeon-d,  and  found  it  in  the  liquid :  I  ezaminal  the  oxygea  actually 
libvmtcd,  and  found  that  the  oxone  mixed  with  it  niigmeiiis  in  quauiity.  hm 
the  atoctrodps  dimiuieih  in  hixc.  It  may  be  added,  that  since  Uii  pemral  of 
M.  Meidinger's  pAp^r  I  have  reppfttod  his  oxp^riments  with  my  own  docom* 
posiliiin  cells,  and  found  thiit  those  which  gare  mo  the  gruatest  abaorpclon. 
.tlso  shoved  tho  greatest  deficiency  in  the  amount  of  oxygt^n  libemt^d. 
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a  glass  tube  heated  to  redness,  and  thence,  without  drying, 
direct  into  the  experimental  tube.  Secondly,  after  heating, 
it  was  dried  before  entering  the  expenmcntal  tube. 
Hitherto  I  have  not  been  able  to  establish,  with  certainty, 
a  difference  between  the  dried  and  undried  gas.  If,  there- 
fore«  the  act  of  heating  develope  aqueous  vapour,  the 
experimental  means  employe<l  have  not  yet  enabled  me  to 
detect  it.  For  the  present,  therefore,  I  hold  the  Iwlief, 
that  ozone  is  produced  by  the  packing  of  the  atoms  of 
elementary  oxygen  into  groups ;  and  that  heat  diinsolves 
the  bond  of  union  between  the  atoms,  thus  disqualifying 
them  for  either  intercepting  or  generating  the  motion, 
which,  as  molecides,  they  are  competent  to  intercept  and 
generate,' 


DTNAICIC    UADUTION    AND    ABSOBFTIOIV. 

Your  attention  is  now  to  be  directed  to  a  scries  of 
facts  which  surprised  and  perplexed  mc,  when  they  were 
first  observetl.  I  permitted,  on  one  occasion,  a  quantity  of 
alcohol  vapour,  sufficieot  to  depreats  the  mercury  gauge 
0*5  of  an  inch,  to  enter  the  experimental  tube ;  it  produced 
a  deflection  of  72^  While  the  needle  pointed  to  this  high 
figure,  and  before  pumping  out  the  Tspour,  I  idlowed  dry 
air  to  stream  into  the  tube,  and  happened,  as  it  entered, 
to  keep  my  eye  upon  the  galvanometer. 

The  needle,  to  my  astouishment,  sank  speedily  to  zero, 
and  went  to  25*  on  the  opposite  aide.  The  entry  of  the 
ineffective airnotonlyneutralised  theabaorptioD  previously 
obscn'ed,  but  left  a  considerable  baUuce  iu  favour  of  the 

'  Tbe  furcguio^  conclomoD  tvgnrding  tha  cniistitntiun  of  oooDft  vu  flnt 
vtatcd  Bt  a  lima  irbeo  the  most  eminent  nQtboritiM  rogimlod  uzoo«  as 
cousisting  of  linele  atonu,  and  onlin&rjr  oxjgen  of  groupe  of  atoma. 
Cbatnical  ioTflBtigaUDOi  hure  Biuce  indepeDdeaLtj  Mtabliitlied  th«  viaw 
■oggeatad  by  tho  abore  experiments  on  radiant  heat. 
17 


30C 


HEAT   A    MOD£  OP   MOTION. 


iMn.  xin. 


face  of  the  pile  turned  towards  tbe  source.  A  repetition 
of  the  experiment  brought  the  tee<lle  down  from  70*  to 
zero,  and  sent  it  to  38**  on  the  opposite  aide.  In  UJce 
manner,  a  very  email  (quantity  of  the  vapour  of  siilphurio 
ether  produced  a  deflection  of  30*;  ou  :iUowing  dry  air  to 
Bll  the  tube,  tbe  needle  descended  npeedily  to  zero,  and 
swung  to  GO**  at  the  opposite  side. 

My  first  thought,  on  observing  these  extraordinary 
efifccts,  was,  that  the  vapours  hod  deposited  themselvea  in 
opaque  films  on  the  plates  of  rook-salt,  and  that  the  dry 
air,  on  entering,  had  cleared  these  films  away,  and  allowed 
the  heat  from  tbe  source  free  transmission. 

Hut  a  moment's  reflection  dissipated  this  supposition. 
Tbe  clearing  away  of  such  a  film  could,  at  best,  but  restore 
the  state  of  things  existing  prior  to  tbe  entrance  of 
the  vapour.  It  might  be  conceived  able  to  bring  tbe  needle 
again  to  0%  but  it  conld  not  possibly  produce  the  negative 
deflection  which,  with  ether  vapour,  reached  the  great 
amplitude  of  60°.  Nevertheless,  I  dismounted  the  tube, 
and  subjected  the  plates  of  salt  to  a  searching  examination. 
No  euch  deposit  as  that  surmised  was  observed.  Tbe 
salt  remained  perfectly  traupparent  while  in  contact  with 
the  vapour.  How,  then,  are  the  effects  to  be  aecoimted 
for? 

Some  of  the  experiments  recorded  in  the  Bakerian 
Lecture  for  I860  bad  taught  me  that  the  dynamic  beating 
of  the  air  when  it  entered  the  exhausted  tube  was  suflScient 
to  produce  a  very  sensible  radiation  on  the  part  of  any 
powerful  vapour  contained  within  the  tube,  though  I  was 
slow  to  believe  that  the  enormous  effect  now  under  consi- 
deration could  be  tlius  accounted  for.  My  first  care  was 
to  defermioe  the  difference  between  the  temperature  of 
the  txperimental  tube  at  tlie  end  furthest  from  the  source 
of  beat,  and  the  air  without.  I  then  examined,  by  an  ex- 
tremely sensitive  thermometer,the  increase  nf  temperature 
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produced  by  the  admission  of  dry  air  into  the  tube,  and 
the  decrease  of  temperature  coneequent  on  pumping  out, 
and  found  the  former  to  be  a  considerable  fraction  of  tbe 
total  beat  transmitted  from  the  Bource.  Coold  it  be  that 
the  heat  tlius  imparted  to  the  alcohol  and  ether  vapoury 
and  radiated  by  them  against  the  adjacent  face  of  the  pile, 
was  more  than  sufficient  to  make  good  tbe  loss  by  absorp- 
tion? The  experinientum  a-ucU  at  once  suggested  it- 
self. If  the  effects  obsen'ed  were  due  to  tbe  dynamic 
heating  of  the  air,  we  ought  to  obtain  them  even  when 
the  sources  of  heat  are  entirely  abolished.  We  should 
thus  arrive  at  the  solution  of  the  novel,  ami  at  6rst  sight 
utterly  paradoxical,  problem : — 

To  determine  ike  radiatio7i  and  absorptlQn  of  a  gas 
<yi'  vapour  without  any  special  source  of  Iieat  exUmal  to 
the  gas  or  vapour  itself. 

For  this  purpose  we  mount  our  glass  tube,  which  Is 
stopped  at  one  end  by  a  plate  of  glass,  for  we  do  not  now 
need  the  passage  of  tbe  heat  through  this  end ;  and  at  the 
other  end  by  a  plate  of  rock-salt.  In  front  of  the  salt 
is  placed  the  thermo-pilo, connected  with  its  galvanometer. 
Though  there  is  now  no  special  source  of  heat  acting  upon 
the  pile,  the  needle  does  not  come  quite  t)  zero.  Indeed 
the  walls  of  this  room,  and  the  people  who  sit  around,  are 
so  many  sources  of  Iieat,  to  neutralise  which,  and  thus  to 
bring  the  needle  accurately  to  zero,  I  must  slightly  warm 
the  defective  face  of  the  pile-  This  is  dono  without  any 
difficulty  by  a  large  Leslie's  cube  of  lukewarm  water,  placed 
at  a  dist&uce  ;  tbe  needle  is  now  at  zero. 

The  experimental  tube  being  exhaust^Kl,  air  is  per- 
mitted to  enter.  This  air  is  warmed  dynamically  ;  and  ii 
its  atoms  possessed  any  sensible  power  of  communi- 
cating their  motion  to  the  huniniferous  ether,  we  should 
have,  from  each  atom,  a  train  of  waves  impinging  on 
■   the  face  of  ihe  pile.     But  you  observe  scarcely  any  mo- 
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lion  of  tlie  {^IvanomeUr,  and  bence  we  may  infer  that  the 
quantity  of  heat  radiated  by  the  air  is  exceedingly  Email. 
The  deflection  produced  is  7*. 

But  are  these  7"  really  due  to  tlie  nidiation  of  the  air? 
To  answer  this  question  I  open  one  of  the  ends  of  the  ci- 
perimectal  tube,  and  place  a  bit  of  black  paper  as  a  lining 
within  it,  thus  covering  the  interior  surface  of  tlie  tube  for  a 
length  of  1 2  inches.  On  exliausting  the  tube  and  per- 
mitting air  to  enter  as  in  the  laH  experiment,  the  needle 
fliea  through  an  arc  of  70**.  The  paper  lining,  warmed 
by  the  air,  radiates  against  the  pile  in  this  copious  way. 
Now  the  interior  surface  of  the  ttiljc  itself  must  do  the 
same,  though  in  a  less  degree,  and  to  this  surface,  and 
not  to  the  air  itself,  tlie  deflection  of  7°  which  we  have 
just  obtained  is,  I  believe,  to  be  ascribed. 

Removing  the  lining  from  the  tube,  insteaii  of  air  we 
will  permit  nitrous  oxide  to  streum  into  it ;  the  needle 
swings  to  28%  lima  showing  tlie  superior  radiative  power 
of  this  gas  over  that  of  air.  On  working  the  pump,  Ihp 
gas  within  the  exporimentul  tube  is  chilled.  Into  it 
the  pile  pours  its  hcut,  a  swing  of  20°  in  the  opposite 
direction  being  the  consetiuence.  Tlie  superior  alisorptive 
power  of  this  gas  over  air  is  thus  demonstrated* 

We  have  already  established  by  means  of  a  special 
external  source  of  heat  that  defiant  gas  is  highly  gifted 
with  the  power  of  absorption  and  radiation.  Tested  by 
this  new  method,  on  permitting  it  to  enter  the  exhausted 
tube,  the  needle  swings  through  an  aic  of  67%  Let  it 
waste  its  beat,  and  let  the  needle  come  to  zero.  On 
pumping  out,  the  chilling  of  the  gas  within  the  tube  pro- 
duces a  deflection  of  40*  on  the  side  of  cold.  We  have 
certainly  here  a  key  to  the  solution  of  the  enigmatical 
effects,  observed  with  the  nlctihol  and  ether  vapour. 

For  the  sake  of  convenience  we  may  call   the  beating 
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of  the  gas  on  entering  the  vacuum  dynarfiic  heating;  iU 
radiation  may  be  called  dynainic  radiation,  and  it* 
abeorpUon,  when  it  is  cbilled  by  pumpio<7  out,  dt/namic 
otion.  These  tenna  being  understood,  the  following 
ble  explains  itself.  In  each  case,  the  extreme  limit  to 
which  the  needle  swung,  on  the  entry  of  the  gas  into  the 
experimental  tube,  is  recorded. 

nrNAUIC    RADIATION    OF   QASXS. 

Kiuoe  LUall  of  iwlog 

Air r 

Oxjrffen 7 

Hjilragea 7 

Nitrogen .......      7 

Cftrbonic  axirlo 19 

Chrboaic  Rcld .31 

Nitrous  oxide SI 

Olr&tDtfifU 63 

We  observe  that  the  order  of  the  radiative  powers, 
determined  in  this  novel  way,  \&  the  same  as  that  already 
obtained  from  a  totally  different  mode  of  experiment.  It 
must  be  borne  in  mind  that  the  discovery  of  dynamic 
radiation  is  comparatively  recent,  and  that  the  conditions 
of  perfect  accuracy  have  not  yet  been  developed ;  it  is, 
however,  certjiin,  that  the  mode  of  experiment  is  suscep- 
tible of  the  highebt  degree  of  precLiion. 


Let  us  now  turn  to  our  vapours,  and  while  dealing  with 
them  I  bhall  endeavour  to  unite  two  effcctd  which,  at  fir^t 
sight,  might  appear  utterly  incongmous.  Wehave already 
learned  that  a  polinhed  metal  surface  emits  an  extremely 
feeble  radiutiun  \  but  that,  when  the  same  suiface  is 
coated  with  varnish,  the  radiation  is  copious.  In  the 
communication  of  motion  to  the  ether  of  space,*  the  atoms 

'  ]f  we  could  ehango  either  Uio  Dam{>  given  to  the  iotentfllar  xaediams 
or  tliftt  given  to  certain  volatile  liqitiilt  by  chtuniatB,  it  woaM  be  aa  adriin- 
Uge.  It  18  diffientt  to  avoid  coiifiuion  in  the  uw  of  tbo  a&iau  terra  for 
•bjecU  ao  utterly  diTcriRt. 
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of  the  metal  need  a  medintor,  and  this  they  find  in  the 
varnish.  I  have  now  to  prove  to  you  that  a  metallic 
surface  may  be  varnished  by  a  gas. 

The  arrangement  before  you  enables  me  to  to  cause  a 
thia  stream  of  defiant  ga^  to  pass  from  the  gasholder  a 
(fig.  104)  through  a  slit  tube  a  b,  over  the  heated  surface  of 
the  cube  c.  At  present  no  gas  issues,  and  the  radiation 
from  c  against  the  thermopile  P  is  neutralised  by  that  from 
o'.  I  now  pour  gas  from  a  over  the  cube  c;  and  though  the 

Fio.104. 


surface  is  actually  cooled  by  the  passage  of  the  gas,  for 
the  gas  has  to  be  wanned  by  the  metal,  the  radiation 
is  considerably  augmented.  As  soon  as  the  gas  begins  to 
flow,  the  needle  begins  to  move,  and  reaches  an  amplitude 
of  45°. 

We  have  here  varnished  a  metal  by  a  gas,  but  a  more 
interesting  and  subtle  effect  is  the  varnitfbing  uf  one 
gaseous  body  by  another.  X  attach  a  fliisk  containing 
acetic  ether  to  the  experimental  tube,  and  permit  the 
vapour  to  enter  it,  until  the  mercury  column  has  been 
depressed  half  an  inch.    This  vapour  is  to  be  our  varnish. 
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Permitting  dry  air  to  enter  the  tube,  the  air  is 
dynamically  heated,  but  we  know  its  incompetence  to 
radiate  its  beat.     Now  however  it  comes  into  contact  with 

■  the  acetic  etber  vapour,  and  communicating  ils  heat- 
motion  to  the  vapour,  the  latter  is  able  to  Fend  the  motion 
on  to  the  pile.     The  needle  swings  through  an  arc  of  70* 

■  by  the  radiation  from  the  vapour  molecules.  It  is  not 
necessary  to  insist  upon  the  fact,  that  in  this  experiment 
the  vapour  bears  precisely  the  same  relation  to  the  air  as 
the  varnish  to  the  gold,  silver  and  copper  employed  in  our 
former  experiments. 

We  permit  the  vapour  to  pour  away  the  heat :  it  is  the 
discharger  of  the  calorific  motion  generated  by  the  moving 
lir.  The  needle  returns  to  zero.  On  working  the  pump,  the 
air,  and  through  it  the  vapour  within  the  tube,  ia 
chilled,  the  needle  moving  to  nearly  45**  on  the  other  side 
of  zero.  In  this  way,  the  dynamic  radiation  and  ab- 
sorption of  the  vapours  mentioned  in  the  following  table 
have  been  determined ;  air  being  the  substance  employed 
to  heat  the  vapour.  The  limit  of  the  first  swing  of  the 
needle  is  noted  as  before. 


DTKiJflO   RADUTIOH   AHD  ASSOUPnON  OF  TATOUSS. 

DoOortlotM 

BmcSoou  AbmipttoB 

1.  Bisolplii.Ieof  c&rboQ      .        .        .14°.  .  .       Q<> 

2.  lodido  of  meUiyl  .        .  .    20    .  .  .8 

3.  Benxol ...  .         .     SO     .  .  .     H 

4.  lodido  of  etiijl  .  .  .  34  .  .  .10 
A.  Heth^lic  alcohol  .  .  .  .  S«  .  .  .18 
a.  CtUurideof&mjl  .        .        .         .     41     .  .  .38 

7.  Amylcne 48    .  .28 

8.  Alwbol flO    .  .  ,    %% 

9.  Salpharic  ethrr     .  .         .     04     .  .  .84 

10.  Furmie  «lhcr         .        .        .        .    69    .  .88 

11.  Aofltio  ethw 70    .  .  .48 
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We  have  here  used  eleven  different  kiods  of  vapoiir, 
n»  vamifih  for  the  atr,  aiid  wo  fiud  that  the  dynamic 
radiation  and  absorption  augment  eocactly  in  the  order 
ttaUihlisbed  by  experiments  with  external  aources  of  heat. 
We  also  see  how  strictly  dynamic  radiation  and  absorption 
^o  hand  in  hand,  the  one  aug;menting  and  diminishing 
with  the  other. 


A  reflection  here  presents  itself,  which  is  worthy  of  our 
consideration.  We  have  meafmred  the  dynamic  radiation 
of  oleBant  gas,  by  allowing  tbe  gaa  to  enter  our  tube,  imtil 
the  latter  was  qiuLe  Blled.  It  is  maniftisfc  that  those 
portions  of  the  warmed  column  of  gas  most  distant  from 
the  pile  must  radiate  throttt/h  the  gas  in  front  of  th^m^ 
and,  in  this  forward  portion  of  the  column,  a  large  quan- 
tity of  the  ra\*s  emitted  by  its  binder  portioQ  will  be  ab- 
»orU>d.  In  fact,  it  is  quite  certain  that  if  we  made  our 
c*olumn  sufficiently  long,  tbe  fruntal  portions  would  act  as 
a  perfectly  impenotimhte  scrven  to  tbe  radiatioa  from  the 
binder  one«.  If  this  iwimmir^'  be  oorrectt  tlieoy  hfCBiJdag 
off  the  part  of  tbt*  gMBooi  ooloma  most  dtstaai  from  tks 
pUe>,  we  should  dirainidi  onlj  IB  ft  diglit  (fegree  tl»e  mJift- 
tioa  nrhiig  tlw  pile;. 

In  tbe  ene^  Ott  the  ccBUny,  of  a  vapoo^  vbere  iha 
fntmut  is  o&ly  0*5  of  aa  iaob»  Ibe  ndbftii^  mnlrrnlrii  ase 
mmIi  viteai^  t^M  in  tb»  eMoTOe  olefin*  gv; 
BOM>qwt^  tk»  nA^titmti  tb»  kader  pttrtaom  af  ths 
ciolaaM  of  v^i»ar  w3l  W«a  a  niMpami  iTj  open  deaiv 
thtomtlk  mUtk  to  nacb  tb»  pfla. 

It  MHaikft  aMt»M  tkccMaof  tltoi 
af  r  iaaa  i»  airrikMi  far  wrKiHia  t^a  a  C^ 
cw»ari^fBS.    TUaln^totkal 
if««< 
iftl^aaaefiCt^ 
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of  the  gas.  Let  us  now  bring  tbifl  reasoning  to  the  test  of 
experiment. 

We  have  already  found  the  dynamic  radiation  of  the 
following  four  substances,  when  the  radiating  column  waB 
2  feet  9  inches  long,  to  be  represented  by  the  annexed 
deflections : — 

Ol^ant  gw  ( I  ntrnocphero)     .  ,  .  S3 

Sulphtiric  otliisr  rspour  (O'fi  iodl)  .  .  64 

Fonnic  ether  „  .,  .  .  69 

Acetic  other  ,.  ..  .  .  70 

olefiant  gas  giring  the  IcAst  dynanoic  radiation. 

Experiments  made,  in  precisely  the  same  manner,  with 
a  tube  3  inches  long,  or  -jifth  of  the  former  length,  gave 
the  following  deflections : — 

OIoliiuitgM 89** 

Sulphuric  ether  vapoiu     .        .  .11 

Formic  ether  „         ....     13 

Acetic  other  „         ....     IS 

The  verification  of  our  reasoning  is  therefore  complete.  It 
is  proved  that  in  the  long  tube  the  dynamic  radiation  of 
the  vapour  exceeds  that  of  the  gas,  while  in  a  short  one  the 
dynamic  radiation  of  the  gas  greatly  exceeds  that  of  the 
vapour.  The  result  proves,  if  proof  were  needed,  that 
though  diflFused  in  air,  the  vapour  molecules  are  really  the 
centres  of  radiation. 

AQUEOUS   TAPODB. 

Up  to  the  present  point,  I  have  purposely  omitted  all 
reference  to  the  most  important  vapour  of  all,  as  far  as 
our  world  is  concerned — the  vapour  of  water.  This  vapour, 
as  you  know,  is  always  diffused  through  the  atmosphere. 
The  clearest  day  is  not  exempt  from  it:  indeed,  in  the 
Alps,  the  purest  skies  arc  oflen  the  most  treacherous,  the 
Brxnameutal  blue*  deepening  with  the  amount  of  aqueous 
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TapouT  in  the  air.  It  is  needless,  therefore,  to  remind  you 
tliat  when  aqueous  vapour  is  spoken  oF,  nothing  visible  is 
meant.  It  is  not  fog  ;  nor  is  it  cloud  or  mist  of  any  kind. 
These  are  formed  of  vapour  which  has  been  condensed  to 
water ;  but  the  true  va[>our,  with  which  we  have  to  deal^ 
18  an  impalpable  transparent  gas.  It  is  diffused  every- 
where thoughout  the  atmosphere,  though  in  very  different 
proportions. 

To  prove  the  existence  of  aqueous  vapour  in  the  air  by 
which  we  arc  now  surrounded,  a  copper  vessel,  filled  an 
hour  ago  with  a  mixture  of  pounded  ice  and  salt,  is  placed 
in  front  of  you.  The  surface  of  the  vessel  was  then 
black,  but  it  is  now  white — furred  all  over  with  hoar^ 
froat.  Tills  has  l)een  produced  by  the  condensation,  and 
subsequent  congelation  upon  ita  Furface,  of  the  aqueous 
vapour  of  this  room.  The  white  auhstance  can  1|^^H 
scraped  off  in  sufficient  quantity  to  form  a  small  snowhaS^* 
On  the  plate  of  glass  used  to  cover  the  vessel,  the 
vapour  is  not  congealed,  but  it  is  condensed  so  copioo^y 
that  when  the  plate  is  held  edgeways,  the  water  runs  off 
it  in  a  stream. 

The  quantity  of  this  vapour  is  really  small.  Oxygen  and 
nitrogen  constitute  about  91)^  per  cent,  of  our  atmosphere, 
and  of  the  remaining  0*5,  about  0*4^  is  aqueous  vapour. 
The  rest  is  carbonic  acid.  Had  we  not  been  already  ac- 
quainted with  the  action  of  almost  inBoitesimal  quantitieii 
ot  matter  on  radiant  heat,  we  might  well  despair  of  being 
able  to  establish  a  measurable  absorption  hy  the  aqueous 
vapour  of  our  atmosphere.  Indeed  I  quite  neglected  this 
subtitance  for  a  time,  and  could  hardly  credit  my  first 
result,  which  made  the  action  of  the  aqueous  vapour  of 
our  laboratory  fifteen  times  that  of  the  air  in  which  it 
was  diffused.  This,  however,  by  no  means  expresses 
the  true  relation  between  aqueous  vapour  and  dry  air. 

To  illustrate  this  point,  our  first  arrangement  (shown 
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ia  the  froatiffpicce)  has  been  resumed.  Iboonsist«,70u  know, 
of  a  brass  tube  s,  s*,  and  two  sources  of  heat  c,  c',  acting 
on  the  opposite  faces  of  the  pile  p.  The  experiment  with  dry 
air  being  repeated,  the  needle  does  not  move  sensibly.  If 
doee  to  it,  you  would  observe  a  motion  through  about  one 
degree.  Could  we  get  our  air  absolutely  pure,  ita  action 
would  be  even  less  than  this.  Making  the  same  experi- 
ment with  the  undried  air  of  this  room,  the  needle  moves 
as  the  air  enters,  the  final  deflection  being  48°.  The 
nec<Ue  will  point  stearlily  to  tliis  figure,  us  long  as  the 
sources  of  heat  remain  constant,  and  as  long  as  the  air 
continues  in  the  tube.  These  48*  correspond  to  an  ab- 
sorption of  72 ;  that  ia  to  say,  the  aqueous  vapour  con- 
tained  in  the  atmosphere  of  this  room  to-day,  absorbs  72 
times  the  amount  of  radiant  heat  absorbed  by  the  air 
xt^lC 

This  result  is  obtained  with  perfect  ease,  but  not 
without  due  care.  In  comparing  dry  with  humid  air,  it  is 
perfectly  essential  that  both  substances  be  pore.  You  may 
work  for  months  with  an  imperfect  drying  apparatus,  and 
fail  to  obtain  air  which  shows  this  almost  total  absence  of 
action  on  radiant  heat.  An  amount  of  organic  impurity, 
too  small  to  be  seen  by  the  eye,  is  sufficient  to  augment 
fiftyfold  the  action  of  the  air.  You  are  now  better  pre- 
pared for  such  fects  than  I  was,  when  they  first  forced 
themselves  on  my  attention.  The  experimental  restUt 
which  we  have  just  arrived  at,  will,  if  true,  have  so  im- 
portant an  influence  on  the  science  of  meteorologj*,  that 
it  ought  to  be  subjected  to  the  closest  scrutiny.  First  of 
all,  then,  look  at  this  piece  of  rock-salt  brought  in  from 
the  next  room,  where  it  has  stood  for  some  time  near  a 
tank,  but  not  in  contact  with  visible  moisture.  The  salt 
ia  wet;  it  is  a  hygroscopic  substance,  and  freely  condenses 
moisture  upon  its  surface.  Here,  also,  is  a  polished  plate 
of  the  substance,  which  is  now  quite  dry  :  I  breathe  upon 
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it,  and  instantly  its  affinity  for  moisture  causes  the  vapour 
of  my  breath  to  overspread  the  surface,  in  a  film  which 
exhibits  beautifully  the  colours  of  thin  plates.*  Now  wc 
know,  from  Melloni's  table  (page  310)  how  opaque  a  solu- 
tion of  rock-salt  is  to  the  calorific  rays,  and  hence  arises 
the  question  whether,  in  the  alwve  eiperiment  with  un- 
dried  air,  we  may  not  in  reality  be  measuring  the  actioD 
of  a  tbin  stratum  of  such  a  solution,  deposited  on  our 
plates  of  salt,  instead  of  tJie  pure  action  of  the  aqueous 
vapour  of  the  air. 

If  we  operate  incautiously,  and,  more  particularly,  if 
it  be  our  actual  intention  to  wet  the  plates  of  salt,  we 
may  readily  obtain  the  deposition  of  moistiu^-  This  is  a 
point  on  which  any  competent  experimenter  will  soon 
iostruct  himself;  but  the  essence  of  good  experimenting 
oonsistj;  in  the  exclusion  of  rircumfitances  which  would 
render  the  pure  and  simple  questions  which  we  intend  to 
put  to  Nature,  impure  and  composite  ones.  The  first  way 
of  replying  to  the  doubt  here  raised  is  to  examine  our 
plates  of  salt ;  if  the  experiments  have  been  properly  con- 
ducted, no  trace  of  moisture  is  found  upon  the  surface. 
A  thousand  experiments  might  l>e  cited  in  proof  of  this. 
To  render  success  more  certain,  however,  we  will  sliglitly 
alter  the  arrangement  of  our  apparatus.  Hitherto  we 
have  had  the  thermo-electric  pile  and  its  two  reflectors 
entirely  otUside  the  experimental  cylinder.  I  now  detach 
one  of  the  reflectors  £rom  the  pile  and  push  it  into  the 
experimental  cylinder.  The  hollow  reflecting  cone 
*  sprung '  at  its  base  a  b  (fig.  1 05 ),  so  that  it  is  hold  tightly 
by  its  own  pressure  against  the  inner  surface  of  the  cyliu' 


'  R«c«mD^  ihr  lienm  from  Uie  «lectnc  lamp  upon  the  polisbod  plat«  oC. 
wilt,  ao  a«  to  reflect  iho  light  on  to  a  mtmb,  and  jilocing  ft  lena  En  froat  i 
tha  Bftlt,  BO  as  to  prodtic*  na  imago  of  its  polished  rar&ce  on  tbo  acre^a ;  * 
brestliing  against  tho  tak  tbrough  a  glaa»  tube,  riogv  of  ririd  itidaarencs] 
luKtnntly  fla«h  forth. 
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der.  The  space  between  the  outer  surface  of  the  reflector 
and  the  inner  surface  of  the  tul>c  is  filled  with  fragmeuta 
of  fused  chloride  of  calcium.  Againet  the  inner  surface 
of  the  rock-salt  plate,  the  narrow  end  of  tlie  reflector  now 
abuts.  Bringing  the  face  of  the  pile  p  close  up  to  the 
plate,  though  not  into  actual  contact  with  it,  our  arrange- 
ment is  complete. 

In  the  first  place,  it  is  to  be  remarked,  that  the  plate 
o(  salt  nearest  to  the  source  of  heat  is  never  moistened, 
unless  the  experiments  are  of  the  coarsest  character.     Its 
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proximity  to  the  source  enables  the  heat  to  chase  away  ever; 
trace  of  humidity  from  the  surface  of  that  plate.  The  distant 
plate  is  the  one  in  danger,  and  now  we  have  the  circum- 
ferential portions  of  this  plate  kept  perfectly  dry  by  the 
chloride  of  calcium.  No  moist  air  can  at  all  reach  the  rim 
of  the  plate ;  wlule  upon  its  central  portion,  measuring 
about  a  square  inch  in  area,  wg  have  converged  our  entire 
nuUation,  Ou  a  priori  grounds,  we  should  conclude 
that  it  is  quite  impossible  for  a  film  of  moisture  to  collect 
there;  and  this  conclusion  is  justified  by  fact.  Testing, 
as  before,  the  dried  and  the  undried  air  of  this  room,  we 
find,  as  in  the  former  instance,  that  the  latter  produces 
ieventy  times  the  effect  of  the  former.  On  examiuing  the 
plate,  even  with  a  lens,  not  the  slightest  trace  of  moisture 
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is  found  upon  its  sur&ce.  It  was  carefully  polished  wheo 
attached  to  the  tube;  it  is  as  perfectly  polished  now. 
Glass,  or  rock-crystal,  could  not  show  a  surface  more  exempt 
from  any  appearance  of  moiijture.  This  experiment  is  con- 
clusive against  the  hypothesis  that  the  eflfects  ohservetl  aru 
due  to  a  film  of  brine,  instead  of  to  aqueous  vapour. 

Further,  we  may  do  away  entirely  with  the  plates  of  salt  < 
and  obtain  substantially  the  same  eSect  in  a  tube  open  ol* 
both  ertda.    Here^  as  in  other  cases,  the  practical  tact  of 
the  experimenter  must  come  into  play.    The  source  on  the 
one  hand  and  the  pile  on  tlie  other  being  freely  exposed  to 
the  air,  a  very  alight  agitation  acting  upon  either,  would 
disturb,  and  might  indeed  altogether  mask,  the  effect  we 
seek.     The  air,  therefore,  must  be  introduced  into  the  open 
tube,  without  producing  any  commotion,  either  near  the 
source  or  near  the  pile.     The  length  of  the  experimental, 
tube  here  employed  is  4  feet  3  inches ;  at  c  (fig.  106)  ifti 
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a  cock  connected  with  an  india-rubber  bag  containing 
common  air,  and  subjected  by  a  weight  to  gentle  pressm-e ; 
at  D  is  a  second  cock,  connected  by  a  flexible  tube,  ty  with 
an  air-pump.  Between  the  cock  d  and  the  india-rubber 
bag,  drying  tubes  are  introduced;  and  when  that  cock 
is  opened,  the  air  is  forced  gently  through  the  drying 
tubes  into  the  exi)erimental  cylinder.  The  air-pump  is 
slowly  worked  at  the  same  time,  the  dry  air  being  thereby' 
drawn  towards  d.  The  distance  of  C  from  the  soured  B  is 
18  inches,  and  the  distance  of  d  from  the  pile  p  is  13 
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incbes  :  the  compensating  cube  c,  and  the  screen  it,  serve 
tbo  same  purposes  as  before.  By  tbua  isolating  tho 
central  portion  of  the  tube,  we  can  displace  dry  air  by 
moiat,  or  raoiKt  air  by  dry,  witliout  permitting  any  agitation 
to  reach  either  the  source  or  tlie  pile. 

Suppose  the  tube  filled  with  the  common  air  of  the 
laboratory,  the  needle  of  the  galvanometer  pointing  to 
zero.  Air  is  permitted  to  pass  through  the  drying  ap- 
[MratuB,  and  to  enter  the  open  tube  at  c,  the  pump 
being  worked  as  already  described.  WTien  the  dry  air 
enters,  the  needle  V>egin8  to  move,  the  substitution  of  dry 
air  for  the  air  of  tlie  laboratory  rendering  the  medium 
more  transparent  to  the  rays  of  heat.  The  final  deflection 
thus  obtained  is  4o**,  where  the  needle  steadily  remains. 

When  the  supply  of  dry  air  is  cut  ofl',  and  the  pump 
ceases  to  work,  the  needle  sinks,  but  with  great  slowness, 
indicating  a  correspondingly  slow  diffusion  of  the  a>^|ueou8 
vapour  of  the  adjacent  air  into  the  dry  air  of  the  tube. 
If  the  pump  be  worked*  the  removal  of  the  dry  air  is 
hastened,  and  the  needle  sinks  more  spoedily  to  zero.  The 
experiment  may  be  made  a  hundred  times  in  succession 
without  any  deviation  &om  this  result ;  on  the  entrance 
of  the  dry  air,  the  needle  invariably  goes  up  to  45*, 
showing  augmented  transparency ;  on  the  entrance  of  the 
undried  air,  the  needle  sinks  to  0%  showing  augmented 
absorption. 

Here,  then,  wo  have  substantially  the  same  result  as 
that  obtained  when  the  experimental  tube  was  stopped  with 
plates  of  rock-salt-  The  action,  therefore,  cannot  be  referred 
to  a  film  of  moisture  deposited  upon  the  surface  of  the  plates. 
And  be  it  remarked  that  there  is  not  the  slightest  caprice 
or  uncertainty  in  tliese  experiments  when  properly  con- 
ducted. They  have  been  executed  at  diSerent  times  and 
seasons ;  the  tube  has  been'  dismounted  and  remounted ; 
the  suggestions  of  eminent  men  who  have  seen  the  experi- 
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menU,  and  whose  object  it  was  to  test  the  resulta,  have 
been  complied  with;  but  no  deviation  from  the  efiects 
jiut  recorded  has  been  observed.  The  entrance  of  eadb 
kind  of  air  is  invariably  accompanied  by  its  characteTistic 
action;  the  needle  is  under  the  mogt  complete  control ;  in 
short,  no  experiments  hitherto  made  with  solid  and  liquid 
bodies  are  more  certain  in  their  execution  than  the  fore- 
going experiments  on  dry  and  humid  air. 

Introducing  a  tin  screen  between  the  experimental 
cylinder  and  the  pile,  one  of  the  sources  of  heat  is  entirely 
shut  off.  The  deHectiou  produced  by  the  other  source  in- 
dicates the  total  radiation.  This  deflection  corresponds  to 
about  780  of  the  units  which  have  been  hitherto  adopted; 
one  unit  being  the  quantity  of  heat  necessary  to  move  the 
needle  from  0*  to  1".  The  deflection  of  45"  corresponds 
to  62  units  ;  out  of  780,  therefore,  62  have  been  ab- 
sorbed by  the  moist  air.  The  following  statement  gives 
vta  the  absorption  per  hundred  : — 

780:  100  =  62:  7-9. 


An  absorption  of  nearly  8  per  cent,  was,  therefore,  eflTected 
by  the  atmospheric  vapour  which  occupied  the  tube  between  i 
c  and  D.     Air  per/eclly  saturctUd  gives  a  still  greateffj 
absorption. 

This  absorption  took  place,  notwithstaoding  the 
partial  siftiug  of  the  heat,  in  its  passage  from  the  source 
to  c,  and  from  d  to  the  pile.  The  moist  air,  moreover,  wa«f 
probably  only  in  part  displaced  by  the  dry.  In  other  ex- 
periments with  a  tube  4  feet  long,  and  polished  within,  it 
wan  found  that  the  atmospheric  vapour,  on  a  day  of 
average  drjnnesg,  nlworbed  over  10  per  cent,  of  the 
j-adiation  from  our  source,  Regarding  the  earth  as  & 
source  of  heat,  I  estimate  that*  at  least  10  per  cent,  of  ita 
heat  is  intercepted  within  ton  feet  of  the  eurfooe.     This 
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single  &ct  sug^est^  the  enormous  influence  which  thia 
newly-developed  property  of  aqueous  vapour  must  have  in 
the  phenomena  of  meteorology. 

But  we  have  not  yet  disposed  of  all  objections,  whicli 
in  reference  to  thia  subject  have  been  of  the  most  Protean 
character.  It  has  been  intimated  to  me  that  the  air  of 
our  laboratory  might  be  impure;  the  suspended  carbon 
particles  of  the  London  air  have  also  been  referred  to,  as 
a  possible  cause  of  the  absorption  ascribed  to  aqueous 
vapour.  Tlic  pame  results  however  were  obtained  with  air 
brought  in  impen'ious  Ijags  from  Hyde  Park,  Primrose 
Hill,  Hampstead  Heath,  Epsom  Downs,  and  from  various 
parts  of  the  Isle  of  Wight.  Tfie  aqueous  vapour  of  ike 
air  from  all  these  loctdities,  examitieii  in  the  uttual  way, 
exerted  an  a)>8orpii/yn  sevejUy  times  that  of  the  air  in 
which  the  vapour  was  diffused. 

Again.  Tbeairof  the  laboratory  was  dried  nnd  purified, 
until  its  absorption  fell  below  unity ;  this  purified  air  was 
then  led  through  a  U-tube,  611ed  with  fragments  of  per- 
fectly clean  glass  moistened  with  di.^^tilled  water.  Its 
neutrality,  wlien  dry,  showed  that  all  prejudicial  sub- 
stances had  been  removed  from  it,  and  in  passing  through 
the  U-tube,  it  could  take  up  nothing  but  the  pure  vapour 
of  water.  The  vapour  thus  carried  into  the  experimental 
tube  produced  an  action  ninety  times  greater  than  that  of 
the  air  which  carried  it. 

The  tube  with  which  these  experiments  weie  made  is 
polished  within,  aud  it  has  been  surmised  that  the  vapour 
of  tlie  humid  air  bad,  on  entering,  deposited  it«elf  upon 
the  interior  surface  of  the  tube,  thus  diminishing  its 
reflective  power,  and  producing  an  effect  apparently  the 
same  as  abBorption.  The  doubt  is  not  capable  of  being 
sustained.  The  amount  of  heat  intercepted  is  accurately 
proportional  to  the  quantity  of  air  present.  This  is 
shown  by  the  following  table,  which  gives  the  alsorpUon, 
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by  humid  air,  at  preasures  varying  from  5  to  30  iachea  of  j 
mercury: — 
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Tim  third  column  of  this  tabic  is  calculated  on  the 
assumption  that  the  absorption  is  proportional  to  the 
quantity  of  vapour  in  the  tube,  and  the  agreement  of  the 
calculat<?d  an<l  observed  results  shows  this  to  bo  the  ciwe, 
within  the  limits  of  the  experiment.  It  cannot  be  sup- 
posed that  effects  so  re^lar  as  these,  and  a^eeing  so 
completely  with  those  obtained  with  small  quantities  ofJ 
other  vapours,  and  even  with  small  quantities  of  the  pel**' 
manent  gases,  can  be  due  to  the  condensation  of  the 
vapour  on  the  interior  surface.  When,  moreover,  five 
inches  of  air  were  in  the  tube,  leas  than  one-«ixtb  of  the 
vapour  necessary  to  saturate  the  space  wus  present.  The 
driest  day  would  make  no  approach  to  this  dryness.  That 
condensation  which  should  destroy,  by  its  action  upon 
the  inner  reflector,  quantities  of  heat  so  accurately  pro- 
portional to  the  quantities  of  matter  present,  should  here 
occur  is  not  to  be  thought  of. 
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Some  remarkable  corroborations  of  these  views  bav« 
been  published  by  that  excellent  meteorologist,  Gen. 
Richard  Strachey,  of  the  Royal  Engineers.     And  his 
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timoDy  is  reodered  all  the  more  valuablo  by  the  fact  that 
it  U  based  on  observatiooB  made  long  before  the  property 
of  aqueous  vapour  here  developed  waa  knovrn  to  have  an 
existence.  From  his  importanb  paper,  published  in  the 
Philosophical  Magazine  for  July,  1866, 1  extract  a  single 
representative  series  of  observations,  made  between  the  4th 
and  the  25th  of  March,  1850;  duriug  which  period  'the 
sky  remained  remarkably  clear,  while  great  variations  in 
the  quantity  of  vapour  took  place.'  The  first  column  of 
figures  gives  the  tension  of  aqueous  vapour,  and  the'second 
tlie  fall  of  the  thermometer  from  6.40  p.m.  to  5,40  a.m. 


Ttmkn  ol  vapoar 

Pnll  of  Ui(vau)«HtK 

0-849      „ 

.      7-1 

0-806      ,. 

.       8-3 

0-749      „ 

.       8-6 

0-708      „ 

.     10-3 

0-659      „ 

.     12« 

0-605      „ 

,    laj 

0-66-1      „ 

.     13-1 

0-4;J6      „ 

.     106 

The  general  result  is  here  unmistakable.  In  clear 
nights  the  fall  of  the  thermometer,  which  expresses  the 
energy  of  the  radiation,  ia  determined  by  the  amount 
of  transparent  aqueous  vapour  in  the  air.  The  presence 
of  the  vapour  checks  the  loss,  while  its  removal  favours 
radiation  and  promotes  the  nocturnal  chill.  We  shall 
Euljsequently  add  another  powerful  proof  to  thoee  here 
adduced. 


The  aqueous  vapour  which  absorbs  heat  thus  greedily, 
radiates  it  copiously  ;  and  this  fact  must  come  powerfully 
into  play  in  the  tropics.  We  know  that  the  sun  raises  from 
the  equatorial  ocean  enormous  quantities  of  vapour,  and  that 
immediately  under  him,  in  the  region  of  calms,  the  rain, 
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due  to  the  condensation  of  the  vapour,  descends  lu  dtlnges. 
Hitherto,  this  has  been  ascribed  to  the  chilling  wliich  ac- 
companies the  expansion  of  the  ascending  air ;  and  no 
doubt  this,  as  a  true  cause,  ninBt  produce  its  proportionate 
effect.  But  the  radiation  from  the  vapour  itself  must  also 
lie  influential.  When  a  column  of  saturated  air  ascends 
from  the  equatorial  ocean,  the  radiation  from  it  is  for 
some  time  intercepted,  and  in  great  part  returned  to  it^  by 
the  surrounding  vapour.  But  the  quantity  of  vapour  in  the 
atmottphere  diminishes  rapidly  as  we  ascend :  the  decre- 
ment of  vapour-tension,  as  proved  by  Hooker,  Strachey, 
and  Welsh,  is  much  more  speedy  than  that  of  the  air 
itself ;  and  finally,  our  vaporous  column  finds  itself  ele- 
vated beyond  the  protecting  screen  which,  during  the 
first  portion  of  its  ascent,  was  spread  alnve  it.  It  is 
now  in  the  presence  of  pure  spac^  and  into  space  it 
pours  its  heat,  without  stoppage  or  requital.  To  the 
loss  of  heat  thug  endured,  the  condensation  of  the  vapour, 
and  its  tnrreutial  descent,  must  certainly  be  in  part 
ascribed. 

Similar  remarks  apply  to  the  formation  of  cumuli  in 
our  own  latitudes ;  they  arc  the  heads  of  vaporous  columns 
which  rise  from  the  earth's  surface,  and  are  preeipitatcd  as 
soon  as  they  reach  a  certain  elevation.  Thus,  the  visible 
cloud  forms  the  capital  of  an  invisible  pillar  of  saturated 
air.  The  top  of  such  a  column,  raised  above  the  lower] 
vapour-screen  which  clas[»s  the  earth,  and  offering  itself 
to  space,  is  chilled  by  radiation  and  prccipitate<l  as 
cloud. 

Mountains  act  as  condensers,  partly  by  the  coldness  of 
their   own  masses;  which  they  owe  to   their  elevation. 
Alwve  them  spreads  no  vapnur-screen  of  sufficient  density  i 
to  intercept  their  heat,    which  consequently  passes  un-' 
requited  into  space.     When  the  sun  is  withdrawn,  this 
Loes  is  shown  by  the  quick  descent  of  the  thermometer. 
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The  difference  between  a  thermometer  wliich,  properly 
protected,  gives  the  true  temperature  of  the  night  air,  and 
one  which  is  permitted  to  radiate  freely  towards  space, 
must  be  greater  at  high  elevations  than  at  low  ones.  This 
conclusion  is  confirmed  by  observation.  On  the  Grand 
Plateau  of  Mont  Blanc,  for  example,  MM.  Martins  and 
Bravais  found  the  difference  between  two  such  thermo- 
meters to  be  24r*  Fahr. ;  when  a  difference  of  only  10° 
was  observed  at  Chamouni. 

A  freedom  of  escape,  similar  to  that  from  bodies  of 
vapour  at  great  elevations,  would  occur  at  the  earth's 
Biirface  generally,  were  the  aqueous  vapour  removed  from 
the  air  above  it ;  for  the  great  body  of  the  atmosphere  is  a 
practical  vacuum,  as  regards  the  transrais.sinn  of  rndiant 
heat.  The  withdrawal  of  the  aim  from  any  region  over 
which  the  atmosphere  is  dry,  must  be  followed  by  quick 
refrigeration.  The  removal,  for  a  single  nummer  nighty 
of  the  aqueous  vapour  from  the  atmosphere  wliicli  covers 
Kngland  would  be  attended  by  the  destruction  of  every 
plant  which  a  freezing  temperature  could  kill.  The  moon 
would  lie  rendered  entirely  uninliabitable  by  beings  like 
ourselves  through  the  operation  of  this  single  cause. 
With  a  radiation  uninterrupteti  by  aqueous  vspoiu-,  the 
difference  between  her  monthly  maxima  and  minima 
must  be  enormous.  The  winters  of  Thibet  are  almost 
unendurable.  Witness  how  the  isothermal  lines  dip  from 
the  north  into  Asia,  in  winter,  as  a  proof  of  the  low 
temperature  of  tliis  region.  Humboldt  has  dwelt  upon 
the  '  frigorific  power '  of  the  central  portions  of  this 
continent,  and  controverted  the  idea  that  it  was  to  be 
explained  by  reference  to  the  elevation ;  there  being  vast 
expanses  of  country,  not  much  above  Ihe  sea-lcvd,  with 
an  exceedingly  low  temperature.  i?ut  not  knowing  the 
influence  which  we  are  now  studying,  Humboldt,  I 
ifnagine,  omitted  the  most  potent  caiLse  of  the  cold.     The 
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refrigeration  at  night  is  extreme  because  the  air  is  dry. 
In  Sahara,  where  *  the  soil  is  fire  and  the  wind  is  flame,' 
the  cold  at  night  is  often  painful  to  bear.  In  short,  it 
may  be  safely  predict^,  that  wherever  the  air  is  dry, 
the  daily  Uiermometric  range  will  be  great.  This,  how- 
ever, is  quite  different  from  saying  that  where  the  air  is 
cUatt  the  thermometric  range  will  be  great.  Great  clear- 
ness to  ligbt  is  perfectly  compatible  with  great  opacity 
to  heat;  the  atmosphere  may  be  charged  with  aqueous 
vapour  whUe  a  deep  blue  sky  is  ovcrlicad,  and  on  such 
oocaaiona  the  terrestrial  radiation  would,  notwithstanding 
the  '  cleamess,'  be  intercepted. 

The  following  remarkable  passage  from  Hooker*8 
*  Himalayan  Journals,*  *  also  bears  upon  the  present 
subject:  *From  a  multitude  of  desultory  observations  I 
conclude  that,  at  7,400  feet,  125-7%  or  67°  above  the  tem- 
perature of  the  air,  is  tlie  average  effect  of  the  sun^s  raya 
on  a  black  bulb  thermometer.  .  .  .  These  results,  though 
greatly  al>ove  those  obtained  at  Calcutta,  are  not  much,  if 
at  all,  above  what  may  be  observed  on  the  plains  of  India. 
The  effect  is  much  increased  by  elevation.  At  10,000 
feet,  in  December,  at  9  a.m.,  I  saw  the  mercury  mount 
to  132",  wliile  the  temperature  of  shaded  snow  hard  l^ 
was  22%  At  13,100  feet,  in  January,  at  0  a.m.,  it  has 
stood  at  98",  with  a  difference  of  68*2",  and  at  10  a-m.  at 
1 14",  with  a  difference  of  Sh4%whil8t  the  radicating  ther- 
moTncter  on  the  enow  had  f alien  oZ  tfunme  to  O-T".' 

These  enormous  differences  between  the  shaded  and 
the  unshadetl  air,  and  between  the  air  and  the  snow,  are, 
no  doubt,  due  to  the  comparative  absence  of  aqueous 
vapour  at  these  clevatious.  The  air  is  incompetent  to 
check  either  tlie  solar  or  the  terrestrial  radiation,  and 
hence  the  maximum  heat  in  the  sun  and  the  maximum 
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cold  in  the  shade  must  stand  very  wide  apart.  The  diffe- 
rence between  Calcutta  and  the  plains  of  India  ia  accounted 
for  in  the  same  way. 

Dr.  Livingstone,  in  his  'Travels  in  South  Africa,*  has 
given  some  striking  examples  of  the  difference  in  nocturnal 
chilling  when  the  air  is  dry  and  when  it  is  laden  with 
moistiu-e.  Thus  he  finds  in  South  Central  Africa  during 
the  month  of  June,  *  the  thermometer  early  in  the  mornings 
at  from  42°  to  52* ;  at  noon,  94*  to  96%'  or  a  mean  differ- 
ence of  48**  between  simrise  and  midday.  The  range  would 
probably  have  been  found  still  greater  had  not  the  ihermo- 
meter  been  placed  in  the  shade  of  hia  tent,  which  was 
pitched  under  the  thickest  tree  he  could  find.  Jle  adds, 
moreover,  '  the  sensation  of  cold  after  the  heat  of  the 
day  was  very  keen.  The  Balonda  at  this  season  never 
leave  their  fires  till  nine  or  ten  in  the  morning.  As  the 
oold  was  so  great  liere,  it  wafi  probably  frosty  at  Linyanti ; 
I  therefore  feared  to  expose  my  young  trees  there.'  * 

Livingstone  afterwards  crossed  the  continent  and 
reached  the  river  Zambesi  at  the  beginning  of  the  year- 
Here  the  thermometric  range  was  reduced  from  48°  to  12', 
He  thus  describes  the  change  be  felt  on  entering  the  valley 
of  the  river :  '  We  were  struck  by  the  fact,  that  as  soon  as 
we  came  between  the  range  of  hills  wliich  flank  the  Zam- 
besi, the  rains  felt  warm.  At  sunrise  the  thermometer 
stood  at  from  82*  to  86° ;  at  midday,  in  the  coolest  shade, 
namely,  in  my  little  tent,  under  a  shady  tree,  at  96"  to 
98* ;  and  at  smiset  at  86*.  This  is  different  from  anytliing 
we  experienced  in  the  interior.'' 

Proceeding  towards  the  mouth  of  the  river  on  January 
16  he  iqakes  the  following  additional  observation  :  'The 
Zambed  is  verybroad  here  (atZumbo),but  contains  many 
inhabited  islands.    M'e  slept  opposite  one  on  the  10th, 
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called  Shibanga.  The  nights  are  warm,  the  temperature 
never  fiiUing  below  80*;  it  was  91°  even  at  sunset. 
One  cannot  cool  the  water  bj  a  wet  towel  round  the 
vessel.  .  ,  .' ' 

In  Central  Australia  the  daily  range  of  the  thermo- 
meter is  still  greater.  The  following  extract  is  from  a 
paper  by  Prof.  W.  S.  Jevons  *  On  some  Data  concerning 
the  Climate  of  Australia  and  New  Zealand ' :  ',  .  .  In  the 
interior  of  the  continent  of  Australia  the  fluctuations  of 
temperature  are  immensely  increased.  The  heat  of  the 
air,  as  described  by  Captain  Sturt^  is  fearful  during 
summer ;  thus,  in  about  lat.  30""  50'  &>  and  Ion.  141°  18' 
E.,  he  writes  :  •  The  thermometer  every  day  rose  to  112* 
or  116*  in  the  shade,  and  in  the  direct  ra)'s  of  the  sun 
from  140°  to  150**.'  Again,  ^at  a  quarter  past  three  p.m. 
on  January  21  (1845),  the  thermometer  had  rijwn  to  131* 
in  the  shade,  and  to  154*  in  the  direct  rays  of  tho  sun.' 
...  In  the  winter  the  thermometer  was  obaervwl  as  low 
as  24",  giving  an  extreme  range  of  107*. 

'  The  fluctuations  of  temperature  were  often  very  great 
and  siulden,  and  were  severely  felt.  On  one  occasion  (Oc- 
tober 25),  the  temperature  n>se  to  llO*  during  the  day, 
but  a  squall  coming  on,  it  fell  to  38*  at  tlic  following  snn- 
rise;  it  thus  varied  72*  in  less  than  twenty-four  hours. 
,  ,  ■  Mitchell,  on  his  last  journey  to  the  N.W.  interior, 
had  very  cold  frosty  nights.  On  May  22,  the  thermome- 
ter stood  at  12*  in  the  open  air.  .  .  .  Still,  in  the  day- 
time, the  air  was  warm,  and  the  daily  range  of  temperature 
was  enormous.  Thus,  on  June  2,  the  thermometer  rose 
from  11°  at  sunrise  to  67*  at  four  p.m.;  or  through  a 
range  of  56*.  On  June  12,  the  range  was  53?,  and  on 
many  other  days  nearly  as  great. 

Without  quitting  Europe,  wo  Hnd  places  where,  wliik 
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tUe  day  temperature  is  very  high,  the  hour  before  sunrise 
is  intenselj  cold.  I  have  ofteu  experieoced  thU  in  the 
Poftt-wagens  of  Germany ;  and  I  am  informed  Uiat  the 
Himgarian  peosaotfi,  if  exposed  at  night,  take  care,  even 
in  hot  weather,  to  protect  themselves  by  heavy  cloaka 
against  the  nocturnal  chill.  The  observations  of  MM. 
Bravais  and  Martins  on  the  Grand  Plateau  of  Mont  Blanc 
have  been  already  referred  to.  M.  Martins  has  recently 
added  to  our  knowledge  by  making  obserrations  on  the 
beating  of  the  soil  at  great  elevations.  He  finds  on  the 
summit  of  the  Pic  du  Midi  the  heat  of  the  soil  exposed  to 
the  sun,  above  that  of  the  air,  to  be  twice  tm  great  as  in 
the  valley  at  the  base  of  the  mountain.  *•  The  immense 
heating  of  the  soil,' writes  M.  Martins,  'compareil  with 
that  of  the  air  on  high  mountains,  is  the  more  remarkable 
since,  during  the  nights,  the  cooling  by  radiation  is  there 
much  greater  than  in  the  plain,'  The  observations  of  the 
Messrs.  Sehlagiutweit  furnish,  if  I  mistake  not,  many 
illustrations  of  the  action  of  aqueous  vapour. 

No  doubt,  I  think,  can  be  entertained,  that  the  extra- 
ordinary energy  of  water  as  a  radiant,  in  all  its  states  of 
aggregation,  must  play  a  powerful  part  in  a  mountain 
region.  As  vapour,  it  pours  its  heat  into  space,  and  promotes 
condensation ;  as  liquid,  it  pours  its  heat  into  space  and 
promotes  congelation;  as  snow,  it  pours  iLi  heat  into 
space,  and  thus  converts  the  surfaces  on  which  it  rests  into 
more  powerful  condensers  than  they  otherwise  would  be. 
Of  the  numerous  wonderful  properties  of  water,  not  the 
least  important  ia  the  power  which  it  possesses,  of  thus 
discharging  the  motion  of  heat  upon  tho  interstellar  ether. 

And  here  we  are  led  to  an  easy  explanation  of  a  fact 
which  evidently  perplexed  Sir  John  Leslie.  This  cele- 
brated experimenter  constructed  an  instrument  which  he 
named  an  CEthrioacope,  the  function  of  which  was  to  de- 
termine the  radiation  against  the  sky.  It  consisted  of 
18 
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two  {^laas  bulbs  uoited  bj  a  vertical  glass  tube,  ao  narrow 
that  a  little  column  of  liquid  was  supported  in  the  tube 
by  its  own  adhesion.  The  lower  bulb  d  (fig.  107)  was 
protected  by  a  metallic  envelope,  and  gave  the  tem- 
jig^  jjjy  perature  of  the  air ;  the  upper  bulb  B 

waa  blackened,  and  was  surrounded  by 
a  metallic  cup  c,  which  protected  the 
bulb  from  terrestrial  riidiatiun. 

'  This  instrument,'  Bays  its  inventor, 
'exposed  to  the  open  air  in  clear 
weather,  will  at  all  times,  both  during 
the  day  and  the  night,  indicate  ao 
impresaiun  of  cold  shot  downwards 
from  the  higher  regions.  ,  .  .  Tl« 
sensibility  of  the  inbtrument  is  very 
striking,  for  the  liquor  incessantly  fulb 
and  rises  in  the  stem  with  every  passing 
cloud.  But  the  cause  of  its  variations 
does  not  always  appear  so  obvious. 
Under  a  fine  blue  sky  the  ctthrioecopi 
will  sometimes  indicate  a  cold  of  50 
millesimal  degrees ;  yet  on  other  day?, 
when  the  air  seems  equally  bi-i-ghti  iJie 
effect  is  hardly  30'.'  This  anomaly  is  simply  due  to  the 
difference  in  the  quantity  of  aqueous  vapour  present  in  the 
atmosphere.  Indeed,  Ijeslie  himself  connects  the  effect  with 
aqueous  vapour  in  these  words ;  '  The  pressure  of  hygro- 
metric  moisture  in  the  air  probably  affects  the  instrument.' 
It  is  not,  however,  the  '  pressure '  *  that  is  effective  ;  it  WM 
the  presence  of  invisible  vapour  that  intercepted  the 
tton  from  the  sethrioscope,  while  itsal»ence  opened  s  < 
for  the  escape  of  this  radiation  into  space.  As  regards  ex- 
penmente  on  terrestrial  radiation,  a  new  dcGnition  will 
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have  to  be  given  of  'a  clear  day.'  It  ia  manifest,  for 
example,  that  in  eiperimenti  with  the  pyrhcliometer,* 
two  days  of  e(iual  visual  clearness  may  give  totally 
different  reeults.  The  radiation  from  the  pyrheliometer 
ia  often  intercepted,  when  no  cloud  ia  seen.  Could  we, 
however,  moke  the  oonstituonta  of  the  atmosphere,  its 
va]}our  included,  objects  of  vision,  we  should  see  sufficient 
to  account  for  this  result. 

Another  interesting  point,  on  which  this  subject  has  a 
Iwaring,  is  the  theory  of  serein.  '  Most  authors,'  writes 
Melloni,  '  attribute  to  the  cold,  resulting  from  the 
radiation  of  the  air,  the  excessively  fine  rain  which  some- 
times falls  from  a  clear  sky,  during  the  fine  season,  a  few 
moments  after  sunset,*  '  But,'  he  continues,  'as  no  fact  is 
yet  known  which  directly  proves  the  emissive  power  of 
pure  and  transparent  elastic  fluids,'  it  appears  to  me  more 
conformable,'  <&c.  «&c.  If  the  difficulty  here  urgted  against 
the  theory  of  sei'ein  be  its  only  one,  the  theory  will  stand ; 
for  transparent  elastic  fluids  are  now  proved  to  possess  the 
power  of  nuliatioQ  wbich  the  theory  assumes.  It  is  not, 
however,  to  radiation  from  tlic  air  that  tlie  chilling  is  to  be 
ascribed,  but  to  radiation  from  the  body  itself,  whone  con- 
densation produces  the  serein. 


'  The  tiutruQKiDt  it  doscribad  in  s  Bubscqatmt  lecture. 
■  Thii  fltatemebt  Judicato*  the  rtato  of   tho  scirnco  of  tbennoUci  ia 
nfeicDoe  Co  the  gaeeoiiB  fona  of  matttir  whan  the«e  neearcbei  nvn  begun. 
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f  trr   TKB    Um  TXPOVBS  WUKIT    TUB    QUUmnU    or  TAPOVS  AU 
^^jfOSTKMTAL    TO    THl    OOAXTrnRS    OF  UttUm— COMPAOLATTTa  TXXIT  Of 

j^  Acno^f  or  Liauras  akd  tukiu  TAFOtnu  dfox  radiaxt  bxai^- 

fgjnCAh    CAUSB  OF    OrACnr  A-fD    THAirSPAItWtCTf — DfFLUE^CB  Or  TMf- 
IfSA'TTSB  ON  THX  TIUXSHUfllOK  or  UADUXT  BBAT — CIIAIiaBS  OF  POnnnK 

fuaoooK  OLAKan  or  TEmnnuTUBB— badutioit  raosi  riAMJKt — ucflc- 
atrci  or  oeciixATuro  muus  on  xbm  TSAMmunoN  or  luntAsn'  kkat— 

HXrtANATtON  0¥  OSaTAtK  KKBULTS  OF  MELLOKI  AXD   KBCUBLAOCtt. 

fpHE  natural  philosophy  of  the  future  will  in  greAtpart 
X  coQBJat  of  inquiries  into  the  relations  subsisting  be- 
tween ordinary  matter  and  the  luminiferous  ether.  Re- 
garding the  constitution  and  the  motion  of  the  ether  itself, 
the  optical  investigations  of  the  last  half-century  leave 
little  to  be  desired;  but  regarding  the  atoms  and  mole- 
culeS)  whence  i^RUO  the  undulations  of  light  and  heat,  and 
their  relations  to  the  medium  in  which  tliey  are  immersed, 
these  investigations  teach  us  little.  To  come  closer  to 
the  origin  of  the  ethereal  waves — to  obtain,  if  possible, 
some  experimental  hold  of  the  oscillating  ntoms  them- 
selves— has  been  the  main  object  of  those  researches  oai 
the  radiation  and  absorption  of  heat  by  gases  and  vapour* ' 
which,  in  brief  outline,  have  been  sketched  before  you. 

When  a  gas  is  condensed  to  a  liquid,  the  molecules 
approach  and  grapple  with  eaich  other,  by  forces  which  are 
insensiUe  as  long  as  the  gaseous  state  is  maintainefl.  But 
though  thus  condensed  and  enthralled,  the  all-pervading 
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elher  still  surrounds  the  moleoulcH,  It,  then,  the  power 
of  radiation  and  absorption  depend  upon  them  individually, 
we  may  expect  that  the  deportment  towards  radiant  heat 
of  the  free  molecule  will  maintain  itself  after  tlmt  mole- 
oule  has  relinquished  its  freedom  and  formed  part  of  a 
liquid.  If,  on  the  other  hand,  the  atate  of  aggregation  be 
of  paramount  importance,  we  may  expect  to  find,  on  the 
part  of  liquids,  a  deportment  altogether  different  from  that 
of  their  vapours,  ^\^lich  of  these  views  corresponds  with 
the  truth  of  nature,  we  have  now  to  inquire. 

McUoni  examined  the  diathermancy  of  various  liquidti, 
but  he  employed  for  this  purpose  tJie  flame  of  an  oil-lamp 
covered  by  a  glass  chimney.  His  liquids,  moreover,  were 
contained  in  glass  cells ;  hence,  the  radiation  was  pro- 
foundly modified  before  it  entered  the  liquid  at  all,  glass 
being  impervious  to  a  considerable  part  of  the  emission. 
In  the  examination  of  the  question  now  before  us,  it  was 
my  wish  to  interfere  as  little  as  possible  with  the  primitive 
emission,  and  an  apparatus  was  therefore  devised  in  which 
layers  of  liquids,  of  various  thicknesses,  could  be  enclosed 
between  two  polished  plates  of  rock-salt. 

The  apparatus  consists  of  the  following  parts : — a  b  o 
(Og.  108)  is  a  plate  of  brass,  3*4  inches  long,  2*1  inches 
wide,  and  0*3  of  an  inch  thick.  Into  it,  at  its  corners,  are 
rigidly  fixed  four  upriglit  pillars,  furnished  at  the  top  with 
screws,  for  the  reception  of  the  nuts  qrat  i>KFisa 
second  plate  of  brass,  of  the  same  eize  as  the  former,  and 
pierced  with  holes  at  its  four  coniern,  so  as  to  enable  it  to 
slip  over  the  four  pillars  of  the  plate  A  B  c.  Both  these 
plates  are  perforated  by  circular  apertures,  m  n  and  o  p, 
1*35  inch  in  diameter,  gh  1  is  a  third  plate  of  brass,  ot 
the  same  area  as  d  et,  and,  like  it,  having  its  centre  and 
its  comers  perforated.  The  plate  o  n  i  is  intended  to  se- 
parate the  two  plates  of  rock-salt  which  are  to  form  the 
walls  of  the  cell,  and  its  thickness  determines  that  of  the 
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liqtiid  layer.  The  sepanitiag  plate  G  B  I  was  ^ound  with 
the  utmost  accuracy,  and  the  surfaces  of  the  plates  of  salt 
were  polished  with  extreme  caie^  with  a  view  to  renderiuj; 
the  contact  between  the  salt  and  the  brass  water-tight.  In 
practice,  however,  it  was  found  necessary  to  introduce 
washers  of  thin  letter-paper  between  the  plates  of  salt  and 
the  separating  plate. 

Fia.  108. 


In  arranging  the  cell  for  cipcriment  the  nuts  qrat 
are  nn8crew<ii,  and  a  waiiher  of  india-nibber  is  first  place*! 
on  ABO,  On  this  washer  ia  placed  one  of  the  plates  of 
rock-salt.  On  the  plato  of  rock-salt  is  laid  the  washer  of 
letter-paper,  and  on  this  again  the  separating  plate  o  n  I. 
A  second  washer  of  paper  is  placed  on  this  plate,  then 
comes  the  second  plate  of  salt,  on  which  another  india- 
rubber  washer  is  laid.    The  plate  D I  r  is  finally  slipped  ■ 
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over  the  columQs,  and  the  whole  arrangement  is  tightly 
■crewed  together  by  the  nuta  qrsU 

Thus,  when  the  plates  of  rock-salt  ara  in  position,  a 
circular  space,  as  wide  as  the  plate  o  n  i  is  tliick,  is  en- 
closed between  them,  and  the  space  can  be  filled  uith  any 
liquid  through  the  orifice  k.  The  use  of  the  india-rubber 
washers  is  to  relieve  the  crushing  pressure  which  would  be 
applied  to  the  plates  of  salt,  if  they  were  in  actual  contact 
with  the  brass ;  and  the  use  of  the  paper  washers  is,  as 
already  explained,  to  render  the  cell  liquid-tight.  After 
each  experiment^  the  apparatus  is  unscrewed,  the  plates  of 
•alt  are  removed  and  thoroughly  cleansed ;  the  cell  is 
then  remounted,  and  in  two  or  three  minutes  all  is  ready 
for  a  new  crperiment. 

My  next  necessity  was  a  perfectly  steady  source  of 
beat,  of  sufficient  intensity  to  penetrate  the  moat  absorlient 
of  the  liquids  to  be  subjected  to  examination.  This  was 
found  in  a  spiral  of  platiuum  wire,  rendered  incandescent 
by  an  electric  current.  The  frequent  use  of  this  source 
led  to  the  construction  of  the  lamp  shown  in  fig.  109.  a 
is  a  globe  of  glass  three  inches  in  diameter,  fixed  upon  a 
ctand,  which  can  be  raised  and  lowered.  At  the  top  of 
the  globe  is  an  opening,  into  which  a  cork  is  fitted,  and 
through  the  cork  paxs  two  wires,  the  ends  of  which  are 
united  by  the  platinum  spiral  s.  The  wires  are  carried 
down  to  the  binding  screws  a  &,  which  are  fixed  in  the  foot 
of  the  stand,  so  that  when  the  instrument  is  attached  to 
the  battery,  no  strain  is  ever  exerted  on  the  wires  which 
.|)arry  the  spiral.  The  ends  of  the  thick  wire  to  which  the 
ipirol  19  attached  are  also  of  stout  platinum,  for  when 
the  ends  were  of  copper,  tmsteadinesa  was  introduced 
through  oxidation.  The  heat  issues  fi-om  the  incandescent 
spiral  by  the  opening  d,  which  is  an  inch  and  a  half  in 
diameter.  Jiehind  the  spiral,  finally,  is  a  mctidlic  re- 
flector, r,  wliich  augments  the  6ux  of  heat  without  sen- 
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dbly  changing  iU  quality.  In  the  open  air  the  red-hot 
spiral  is  a  capricious  source  of  heat,  but  surrounded  by  itfl 
glass  globe  its  steadiness  is  admirable.' 

The  whole  experimental  arraogement  will  be  imme- 

Fio,  109. 


diately  understood  from  the  rough  sketch  given  in  fig.  110. 
A  Is  the  platinum  lampjust  described,  heated  by  a  current 
from  a  Grove's  battery  of  five  cells.  Means  were  devised 
lo  render  this  lamp  i>erfectly  constant  throughout  the  day. 
In  front  of  the  Hpiral,  and  with  an  interior  reflecting  sur- 
&ce,  is  the  tube  b,  through  which  the  heat  passes  to  the 
rock-Bult  cell  c     This  cell  is  placed  on  a  little  stage, 

*  I  hare  alto  bad  lamps  coDstnietcd  id  which  the  i|4mU  ▼«»  placed  m 
TacQo,  thfl  n^fl  pawing  to  exUraal  ppsco  through  a  plato  of  rock-Mlt. 
Their  •teadin«fle  ii  perfect. 
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soldered  to  the  l>aftk  of  the  perforated  screen  s  s',  so  that 
the  heat,  after  having  crossed  the  cell,  passes  through  the 
hole  in  the  screen,  and  afterwards  impinges  on  the  ther- 
rao-pile  p.  c'  is  the  compensating  cuhe,  containing  water 
kept  bailing  by  sivnm  paRsing  througJi  the  pipej>.  Between 
the  cube  cf  and  the  thcrmo-pile  is  the  screen  Q,  which 
regulates  the  amount  of  heat  ihlling  on  the  posterior  face 
of  the  pile.  The  whole  arrangement  is  here  exposed,  hut 
in  practice,  the  pile  p  and  the  cube  c'  are  carefully  pro- 
tected from  the  capricious  action  of  the  surrounding  air. 

The  experiments  are  thus  performed.  The  empty 
roc'k-salt  cell  c  being  placed  on  its  stage,  a  double  silvered 
screen  (not  shown  in  the  figure)  is  6rst  introduced  between 
the  end  of  the  tube  D  and  the  cell  c ;  the  heat  of  the  spiral 
being  thiis  totally  cut  off,  and  the  pile  subjected  to  the 
action  of  the  cube  (/  alone.  Bj  means  of  the  'screen  u 
the  totul  heat  to  V»e  adopted  throughout  the  series  of 
experimenU  is  caused  to  fall  on  the  posterior  surface  of 
the  pile.  Say  that  it  corresponds  to  a  galvanometric 
deflection  of  50  degrees.  The  double  screen  used  to 
intercept  the  radiation  from  the  spiral  is  then  gradually 
withdnvwn,  until  this  radiation  completely  neutralises  that 
from  the  cube  c',  and  the  needle  of  the  galvanometfr 
points  steadily  to  zero.  The  position  of  the  two  screens, 
once  6xed  in  this  way,  remains  subsequently  unchanged. 

The  rays  in  the  first  instance  pass  from  the  spiral 
through  the  errvpty  rock-salt  cell.  The  drawn-out  shank 
of  a  small  funnel,  suitably  support^,  dips  into  the 
aperture  ^fig>  108,  which  leadu  into  the  cell,  and  through 
this  funnel  the  liquid  is  poured  in.  The  introduction  of 
the  liquid  destroys  the  previous  equilibrium,  the  galyano- 
meter  needle  moves,  and  finally  assumes  a  steady  position. 
From  its  deflection  we  can  immediately  calculate  the 
qtuntity  of  beat  absorbed  by  the  liquid,  and  ea^tress  it  is 
hundredths  of  the  entire  radiation. 


fMJt,   XIT. 


RADIATION  TUKOnOU   LIQUIDS. 


KM 


The  experiments  wore  executed  with  eleven  different 
liquids,  employing,  with  a  view  to  verification,  each  liquid 
in  five  different  thicknesses.  The  results  are  collected 
together  in  the  following  table ; — 

ABsonmo:!  or  Hrat  kt  Liquidi.    Soubck  or  Hkat:  Plltimum  SnuAL 

fiAISKD  TU   IIIUQBT   ttEDmSS   BT   S,  VoLTAJO   CcRRKKT. 


Tbio^DMB  of  liquid  in  parte  nf  wi  Indi 

JJqjM 

0-03 

0-04 

0-07 

014 

0-27 

BwUphide  of  carloa   . 

5-6 

B4 

12-5 

ld-2 

173 

Chloroform . 

IG-fi 

25-0 

33-0 

40-0 

44-8 

Zoclida  of  methyl 

861 

46-^ 

63-2 

OA-2 

086 

1  lodklo  of  flUijJ 

38-2 

60-7 

600 

SQ-d 

716 

6«DX0l            . 

434 

65-7 

R26 

715 

73-6 

AmylaDo     . 

68-3 

652 

73-6 

77-7 

82*3 

Salphorio  «Uier 

fi33 

73-5 

7fll 

786 

8.V2 

Acetic  ether 

_- 

74-0 

780 

620 

86-1 

Fvnnic  Kbtf 

6fi-2 

70-8 

790 

84  0 

87-0 

Alcohol       . 

67-8 

78-6 

H3'6 

8.V3 

80  1 

Wiu«r. 

B07 

86  1 

88-8 

?i-o 

01 -0 

Were  it  necessary  to  push  these  experiments  to  the 
utmost  limits  of  accumcy,  I  should  make  each  mc:isure- 
ment  several  times  and  take  the  mean  of  the  determina- 
tions. But,  considering  the  way  in  which  the  dineruut 
thicknesses  check  each  other,  the  results  obviously  express, 
with  close  approximation  to  the  truth,  the  action  of  the 
respective  liquids.  The  order  of  absorption  is  certainly 
that  here  established. 

As  liquids,  then,  those  bodies  arc  shown  to  intercept  in 
very  different  degrees  the  heat  emitted  by  our  radiating 
source ;  and  we  have  next  to  inquire  whether  these  dif- 
ferences continue,  after  the  molecules  have  been  released 
from  the  bond  of  cohesion  and  reduced  to  the  Btate  of 
vapour.  We  must,  of  comrse,  test  tlie  vapours  by  waves  of 
the  same  period  as  those  applied  to  the  liquids,  and  this 
our  mode  of  experiment  renders  easy  of  accomplishment. 
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The  heat  generated  in  a  wire  by  a  cuireat  of  a  given 
strecgth  being  invariable,  it  vras  only  necessary,  by  means 
of  a  tangent  compass  and  rheocord,  to  keep  the  ourrenl 
constant  from  day  to  day,  in  order  to  obtain,  both  as  re- 
gardB  quantity  and  quality,  an  invariable  source  of  heat. 

The  liquids  from  which  the  vapours  were  derived 
were  placed  in  the  small  flasks  already  described,  a  separate 
flask  being  devoted  to  each.  After  the  complete  removal 
of  the  air,  the  Oasks  were  attached  in  succession  to  thebrass 
experimental  tube.  VS'ith  the  single  exception  that  thesomre 
of  heat  was  a  red-hot  platinum  spiral,  instead  of  a  cube  of 
hot  water,  the  arrangement  was  that  figiured  in  the  frontis- 
piece. At  the  commencement  of  each  erperimont,  the 
brass  tube  being  thoroughly  exhausted,  and  the  radiation 
from  the  spiral  being  neutralised  by  the  compensating 
cube,  the  needle  stood  at  zero.  The  cock  of  the  flask 
containing  the  volatile  liquid  was  then  carefully  turned  on, 
and  the  vapour  allowed  slowly  to  enter  the  experimental 
tube,  until  a  pressure  of  0*5  of  an  inch  was  obtained.  The 
vapour  was  then  cut  off,  and  the  permanent  deflection 
noted.  Knowing  the  total  heat,  the  absorption  in  lOOths 
of  the  entire  radiation  could  be  at  once  deduced  from 
the  deSection.  The  fi>Ilowing  table  contains  the  ro* 
suits: — 

Radutiok  or  Hhat  Ta&oroH  VArooRA.    Sotrnci:  nKD-aor  pLkTunm 
SpikaIh    Puxupub,  0  6  of  am  incb. 

tl— jiCton  pseettk. 
BUalphide  of  CArboD  .  .        .        47 

Ohloniform &6 

lodlib  of  methyl         .        .        .        .  9-fl 

Iodide  of  otbjrl 177 

B«iuol 20-4 

Aajrl«i« S7'ft 

Aloobol 98*1 

Formic  tiher 31*4 

Snlphnrio  etfaor  .....  31*9 

Ac«iie  etbflr         .        .        .        •        .  S4*6 

Totid  hMt ]0(K» 
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We  are  now  in  a  condition  to  compare  the  action  of 
a  series  of  volatile  lii|mds,  with  that  of  the  vapours  of 
those  liquids,  upon  radiant  heat.  Beginning  with  the 
substance  of  the  lowest  absoqjtive  energy*,  and  proceeding 
to  the  liighcBt,  we  have  the  following  orders  of  absorjv 
tion : — 


Uqnhli 

Vftpottn 

Buolphido  of  nrboD, 

Bisulphide  of  carbon. 

Chloroform. 

Cliloroform. 

lodidfl  of  DiflUiyl. 

lodido  of  metli;!. 

Iodide  of  ethyl. 

Iodide  of  tihjt 

Beiueol. 

Beniol. 

Aniflono. 

AnylcDe. 

.Salphorie  ether. 

Alcohol. 

Acetic  ether. 

Formic  ether, 

Formie  ether. 

Snlpbnrie  eUiar. 

Alcohol. 

Acetic  fllher* 

WuUr. 

Here,  as  far  as  ainylcne,  the  order  of  absorption  is  the 
Ramc  for  both  liquids  and  vapours.  But  from  amyleiie 
downwards,  though  strong  liquid  absorption  is,  in  a  general 
way,  paralleled  by  strong  vapour  absorption,  the  order  of 
both  is  not  the  same.  There  is  not  the  slightest  doubt 
that,  next  to  water,  alcohol  is  the  must  powerful  ab- 
sorber in  the  li^t  of  liquids ;  but  there  is  just  as  little 
doubt  that  the  position  which  it  here  occupies  in  the  list 
of  vapours  is  the  correct  one.  This  has  been  established 
by  reiterated  experiments.  Acetic  ether,  on  the  other  Land, 
though  certainly  the  most  energetic  absorber  in  the  state 
of  vapour,  falls  behind  both  formic  ether  and  alcohol  in 
the  liquid  state.  Still,  on  the  whole,  it  is  perfectly  im- 
possible to  contemplate  these  restdts,  without  arriving  at 
the  conclusion  that  the  act  of  absorption  is,  in  the  main, 
moleciUarj  and  that  the  molecules  maintain  their  power 
as  absorbers  and  radiators  when  they  change  their  state 
Qf  aggregation.     Should  any  doubt,  however,  linger  aa  to 
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the  cuijwlw  of  thu  tarnkmiam,  H  wi0  qieedalj  dt»- 
ttppsn** 

A  mocDctit*!  ndeetiaa  viO  rtonr  tlvt  the  eonpninB 
here  UMtitoted  is  not  a  itrict  ooe^  We  kare  taken  the 
Uqyidi  at  a  omdiboii  thirJniwH,  aad  the  tayuma  at  a 
coaamon  volurae  and  pnman,  Bot  if  the  lajecs  of  liquids 
etnplojed  were  tunwd  into  vapooTy  the  TolmneB  obtained 
vooM  not  be  the  nine.  The  qiiaatitiee  of  natter  tra- 
veffBed  bj  the  radiuit  beat  are  oot  propoitaosiat  to  each 
other  in  the  two  caaa,  and  to  reader  the  eooipaxiaao  strict 
tbej  oogbt  tA  be  proportionaL  It  if  eaey,  of  eoorae,  to 
make  tbem  so;  for  the  Hqiiidi  betng  examioed  at  a 
coQstant  volume,  their  specific  grarities  gire  us  the 
relative  quantities  of  matter  traversed  fay  the  radiant 
heat,  and  from  thci^i:  and  the  vapoar-deosities,  we  can 
immediately  deduce  the  corresponding  Tolnmee  of  the 
vapour.  Dividing,  m  fiict,  the  ttpeci^c  gravities  of  our 
lujuids  by  the  densities  of  their  vapours,  we  obtain  the 
following  series  of  vapour  volumes,  whose  weights  an* 
proportional  to  the  masses  of  liquid  employed. 

Tabim  09  FiioposTiDirAL  Vounca. 

Bifalphide  uf  carboD     ....  0*48 

Chloroform  ......  0-36 

lodldtofiDMhTl 0-*9 

Iodide  of  etbjrl Q-H 

Benxol 0-32 

Amylona 0*38 

Aloohol O-fiO 

SulphQric  ether 0-S8 

Formic  otbor 0'S6 

Aestie  eiiier (H39 

WaUr 1-80 

Introducing  the  vapoare,in  the  volumes  here  indicated^ 
into   the  experimental   tube,   the  following  resulta  were 
obtained ! — 
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RADunoN  or  IIkat  thsovoh  Vatovul    QoAtrrm  or  Vapodk 
ruopOTtriawAL  to  that  op  Liaviii. 


}(mnw  of  Vnpotir 

Biaulpbido  of  ctfbon 
Chlarciform 
lodido  of  melb^l 
loditle  of  ethjl 
BftnzoL     . 
Amyleno . 
Sulpharic  etkar 
Acoti^Atbar    . 
Formie  ether  . 
Alrabol    . 


rraNnnv  In  rutt  AhMrpUcm 
tt  sa  Incb  par  cant. 


0-48 
0-36 
0-15 
0-30 

0-26 
0-28 
0-29 
036 
0-50 


4-3 
6-6 
10-3 
16-4 
16-8 
190 
21  *d 
22-2 
22-5 
•22-7 


Arranging  both  liquids  and  vapours  in    the  order  of 
their  i»b*«orption,  wc  now  obtain  the  following  result ; — 


Biralphtde  of  carboiL 

CUloEoform. 

Iodide  of  mfxi^yl, 

lodido  of  oiIi|l 

BfTOfA. 

ArajloQc 

Rnlphnric  other. 

Acetic  etiior. 

Formic  ethor. 

AlciihuL 

Wftter. 


Btstilpbida  of  nrbon. 
CUtororonn. 
lodido  of  mothjrl. 
lodido  of  othjL 
l{«Diol. 
Amylene. 
Solphorio  etli(>r. 
Ac«tic  other. 
Formic  etb»r. 
Alcohol. 


Here  the  discrepancies  revealed  by  our  former  series  of 
experimenls  entirely  disappear,  and  it  is  proved  that  for 
heat  of  the  same  quality,  the  order  of  absorption  for 
liquids  and  their  vapours  is  the  same.  We  may,  there- 
fore, safely  infer  that  the  position  of  a  vapour,  as  an 
absorber  or  a  radiator,  is  determined  by  that  of  the  liquid 
from  which  it  is  derived.  Granting  the  validity  uf  this  in- 
ference, the  position  of  wafer  fixes  that  of  aqueous  vapour. 
But  we  have  found  that,  for  all  thicknesses,  water  exceeds 
every  other  liquid  in  the  energy  of  its  absorption.     Hence, 

Aqaoous  TMpour.  tinmixod  vith  air,  condaosss  so  readily  that  it  cut* 
■Ot  be  dirocti/  examined  iti  our  experimSDtal  tol>o. 


zMcz  ax. 


•f  ill  B(|iidy 

AMto^^  tbadreet  and 
bf  vkkk    Ike  aetion  of   thif 

I  m  >  body  €f  Priit—  — fciBt,  I  tft,  to  wt 

ioa  fior  efv  at  nik,  iad  te  iBfaee  ths  wteop- 

apfl/  the  nnit,  vilhooi  ai^gitiii^  to  tfce 

We  mat  mv  fti-pii,  tfce  «»j  far  tte  «anndeatmi  oT 
IB  JwpoftMrt.  qnwtTon       A  pfurfrfwn  — iay  ml  a  oextun 
nlc^  depffding  on  Che  kqgUief  ikn  prmliiliiiii 
•leiBgf  nerJTIetife  et  •  nie  wUelk  depends  opoa  iU 
JlMigfat   and  ehsdc   force.    A   miuical    string*    ia    like 
bat   its   detenniaai^    rate   of  rihcatiao,  whieh 
npoQ  its  laagtb,  veiglit  and  teDskm.     A   plank 
[nhich  bridges  a  gor;ge  bas  also  tta  own  nte  of  cecillatioo, 
rend  we  can  often,  bj  timing  our  toovctaeots  on  such  a 
[pUnk,   60  accomolate   the   impulses  as  to  endanger    iU 
leaCetj.    Soldiers,    in    crossing    pontoon    bridges,    tread 
alarly,   lest   the   motion   imparted   to   the  pontoon, 
Id  accumulate  to  a  dangerous  extent.      The  step  of  a 
carrying  water  on  bis  head  in  an  open  pail  some- 
tiroes  coincides  with  the  oscillation  of  the  water  from  side 
to  side  of  tbe  vessel,  until,  impulse  being  added  toimpuke, 
the   liquid   finallj    splashes   orer   the    rim.     The    water 
loarrior  instinctively  altera  bis  step,  and  thus  reduces  the 
liquid    to    comparative   tranquillity.     You    have  heard  a 
piirticular  pane  of  glass  respond  to  a  particular  note  of  an 
Drgan  :  and  if  you  open  a  piano  and  sing  into  it,  some  one 
ing  will  aUo  respond.     In  the  case  of  tbe  organ,  the 
hne  rt'itponda  because  its  period  of  vibration  happens  to 
coincide    with    the    period   of  tbe   sonorous   waves    that 
impinge   upon   it ;  and   in   tbe   case  of  the  pianoi   that 
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Btring  responds  tvhose  period  of  vibration  coincides  with 
the  period  of  the  vocal  chords  of  the  singer.  In  each  case, 
there  is  an  accumulation  of  the  effect,  similar  to  that 
observed  when  you  stand  upon  a  plank-brid^e>  and  time 
your  impulses  to  its  rate  of  vibration.  In  the  case  of  the 
ringing  flame  referred  to  in  a  former  lecture,  you  had  the 
influence  oF  period  exemplified  in  a  very  striking  manner, 
it  responded  to  the  voice  only  when  the  pitch  of  the  voice 
corresponded  to  its  own.  A  higher  and  a  lower  note 
were  equally  ineffective  to  put  the  flame  in  motion. 

These  ordinary  mechanical  and  acoustical  facts  will  help 
us  to  an  insight  as  to  the  more  subtle  phenomena  of  light 
and  radiant  heat.  I  have  shown  you  the  diathormancy 
of  lampblack  and  bromine,  and  the  far  more  wonderful 
transparency  of  iodine  shall  be  amply  illustrated  by-and-by. 
We  have  now  to  inquire  why  iodine  stops  light  and  allows 
heat  to  pass.  The  solediScrence  between  light  and  radiant 
heat  is  one  of  period.  The  waves  of  the  one  are  short  and 
of  rapid  recurrence,  while  those  of  the  other  are  long  and 
of  slow  recurrence.  The  former  are  intercepted  by  the 
iodine,  and  the  latter  transmitted.  Why  ?  ITiere  can,  I 
think,  be  only  one  answer  to  this  question,  namely,  that 
the  intercepted  waves  are  those  whoso  periods  coincide  with 
the  periods  of  oscillation  possible  to  the  atoms  uf  the  iodine. 
The  waves  transfer  their  motion  to  the  atoms  which 
synchronise  with  them.  Supposing  waves  of  any  period 
to  impinge  upon  an  assemblage  of  molecules  of  any  other 
period}  it  is,  I  think,  physically  oertain  that  a  trejnor  of 
greater  or  less  intensity  will  be  set  up  among  the  molecules  ; 
but  for  the  motion  to  accumulate,  ro  as  to  produce  sensible 
absorption,  coincidence  of  period  is  necessary.  Briefly 
df'fined,  therefore,  transparency  is  synonymous  with 
disctnti,  while  opacity  is  synonymous  with  accord  between 
the  periods  of  the  waves  of  ether  and  those  of  the  atoms  of 
the  body  on  which  they  impinge. 
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The  term  '  qnality/  as  applied  to  mdiant  beat,  has 
been  already  defined.  If  two  calorific  beams  be  trazu- 
mitied  by  the  same  substance  in  different  proportions,  the 
beams  are  said  to  be  of  different  qualities.  Strictly  speak- 
ing, this  question  of  quality  is  one  of  period  ;  and  if  the 
heat  of  one  souroe  be  more  or  lees  copiously  transmitt^ 
than  the  heat  of  another  sonrce,  it  is  because  the  waves 
of  ether  excited  by  the  one  are  different  in  length  and 
period  from  those  excited  by  the  other,  AVhen  we  raise 
the  temperature  of  our  platinum  Fpiral,  we  alter  the 
quality  of  its  heat.  Ag  the  temperature  is  raised,  shorter 
and  ever  shorter  waves  mingle  in  the  radiation.  I>r. 
Draper,  in  a  very  beautiful  investigation,  has  shown  that 
when  pbtinum  first  appears  luminous,  it  emits  only  red 
rays ;  but  as  its  temperature  augments,  orange,  yellow, 
nnd  groen  are  guocossively  added  to  the  radiation;  and 
when  the  platinum  is  so  intensely  heated  as  to  emit  white 
light,  the  decomposition  of  that  light  gives  all  the  colours 
of  the  solar  (Jpectrum. 

Almost  all  the  vapours  which  we  have  hitherto  exam- 
ined arc  transparent  to  light,  while  all  of  them  are,  in 
some  degree,  opaque  to  obscure  heat-rays.  From  this  the 
incompetence  of  the  vapour  molecules  to  vibrate  in  visosl 
periods,  and  their  competence  to  vibrate  in  slower  periods 
may  be  inferred.  Conceive,  then,  our  platinum  spiral  to 
be  gradually  raiiied  from  a  statu  of  oljBcure  to  a  state  of 
luminous  heat;  the  change  would  manifestly  tend  to 
pro<luco  discord  between  the  radiating  platinum  and  the 
molecules  of  our  vapours.  On  d  pt^iori  grounds,  then,  we 
should  infer,  that  the  raising  of  the  temperature  of  the 
platinum  spiral  ought  to  augment  the  power  of  its  rnys  to 
pass  through  our  list  of  vapours.  In  other  words,  the 
transparency  of  the  vapours  ought  to  increase  with  the 
temperature.  Tliis  conclusion  is  entirely  veriBed  Ivf  the 
experimentf  recorded  in  the  following  tables: — 
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BADunoK  TUBotroH  Vafdcbs.    Sovrcb  or  Uiut:  PtATunni  Snuu. 

BAUXLT  TISIBUI   DT  TUB   DAUt. 

Knmc  of  Yaponr  Ataorpilon  per  ocat>. 

Uinilpbidfi  of  carbon              .        .        •  O'A 

Chlonifonn 9'1 

Iddtde  of  nothjl 12-5 

Iodide  of  ethyl 21-0 

BeamX 26-3 

Amjleoe 86*8 

Bolphuie  etbcr 434 

Formie  othor 4d'3 

Acetic  ether 49*6 

With  the  same  platinum  spiral  raised  to  a  wliite  treat, 
the  following  results  were  obtained ; — 

Radutiom  1-anocan  Vipociia.    Sopbck  ok  Ukat:  Whitk-uot 
pLATttrou  HeauiU 

Vtam  ti  TKpour  Alaofptloo  ps  oeat. 

BiBD]pfaid«  of  oirban      .        .        .        .      2'9 
Chloroform  ...        .        .        .      S'fi 

Iodide  of  methjrl 7*S 

Iodide  of  ethjl 12-8 

B«smI 16*6 

Amyleos S2'7 

Formic  elhor 25*1 

Salphurio  other 2A'9 

Acetic  elhor 27*3 

With  the  Bame  spiral,  brought  still  nearer  to  itii  point 
of  fugion,  the  following  results  were  obtained  with  four  of 
the  vapours : — 

Radiation  Tiittouou  Vapouks.     ^oouck:  Piatixvm  Spuul  at  am 
iNTKX?ii  Wumt  Hut. 

Nuiifl  of  Vnpour  AtMorftloa 

Biealpbide  uf  carbon     .        .         ,         .       2'6 

Chiodraform 3*9 

Furtoic  etber 21*3 

Sulpboric  ether    .....    28*7 


Placing  the  results  obtained  with  the  respective  aoorcefl 
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sidfi  by  side,  the  influence  of  the  rihvatiz^  period  oo  the 
trannziieaion  comes  out  in  a  very  decided  manner : — 


AaHnpnoaf  or  Dur  mw  TiKmi. 


Kaawof  Vftpour 

Bu««rvUMt 

BrtfMi^ 

y^itrflBii 

s«ii 

BiKDlpbidc  of  eaiboa 

0-4 

4-7 

s-* 

TS 

uuoiTxorai 

»-I 

62 

*< 

^ 

Iodide  of  mathji 

.     IW 

9-6 

78 

ladid«  of  athf  1 

.     210 

17-7 

13^ 

Baorol    . 

.     263 

2f»» 

les 

Amjleno 

.     8&-8 

27-6 

257 

Bnlphurie  etbor 

.     U-i 

31-4 

S5-* 

237 

yormic  otlicr  . 

.     46-2 

31-D 

2^-1 

2)  3 

Acetic  ether   . 

.     48-0 

340 

27^ 

The  gradual  augmentation  of  penetrative  povcr,  aa 
the  temper&ture  is  augmented,  is  here  rery  maniCest 
By  raiaing  the  spiral  from  a  barely  visible  heat  to  an 
intense  white  heat,  we  reduce  the  absorption,  in  the 
case  of  bistUphidc  of  carbon  and  chloroform,  to  less  than 
one-half.  At  barely  visible  redne^ts,  moreover,  566  and 
5A'H  per  cent,  pass  through  sulphuric  and  formic  ether 
respectively;  while  of  the  intensely  white-hot  spiral,  76*3 
and  78*7  per  cent,  pass  through  the  same  vapours.'  Thus, 
by  augmenting  the  temperaluro  of  (be  platinum,  we 
iutrodiice  into  tho  radiation  waves  of  shorter  period,  which, 
l>eing  in  discord  with  the  periorls  of  the  vapoiir  molecules, 
pafts  more  easily  among  them. 

Running  tlie  eyo  along  the  numbers  which  oipress 
the  absorptions  of  sulphuric  and  formic  ether  in  the  lasl 
tatde,  wo  find  that,  ftrr  the  loWL*&t  beat,  the  al>(«orptiun 
of  the  latter  f'iceeds  that  of  tho  former ;  for  a  bright  red 
heat  they  are  nearly  equal,  the  formio  ether  still  retaining 
a  slight  prt-dominauce ;  at  a  white  heat,  however,  the  sul- 
phurio  slips  in  advance,  and  at  the  heat  of  fusion  iU 
predominance  is  decided.     I  have  tested  tliis  result  by 

'  The  trantmiMtian  iit  funnd  by  Nttbtntcting  tho  abiorpUoD  from  !<M). 
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multiplied  experiments,  and  placed  it  beyond  doubt.  We 
may  at  once  infer  from  it  that  the  capacity  of  the  mole- 
oule  of  formic  ether  to  enter  into  rapid  vibration  is  less 
than  that  of  sulphuric  ether.  The  more  we  heighten  the 
temperature  of  the  spiral,  the  more  opaque,  in  comparison 
with  formic  ether,  doe3  sulphuric  ether  become.  Experi- 
men(.8  made  with  a  source  of  100°  C,  establish  still  more 
decidedly  the  preponderance  of  the  formic  ether  for 
vibrations  of  bIow  period.  This  is  shown  in  the  follow- 
ing table : — 

Ru>unoM  mRouna  VArouio.    Sotrscs:  ht&ui^*  Ctias.  coatkd  wrra 
Lakpblacx.    TncpmuTtnui,  100°  0. 

Vcma  of  T«poar  AbMRpUoo  pw  vmo%, 

Cisttlpbide  of  carbon     .        •        .        .6*8 

Iodide  of  iQQthyl 18-8 

Chloroform 210 

lodidoofethyt 29-0 

Bensol 34-A 

Amylene 47'l 

Sulpharic  elhrr     .        .  .         .     54'1 

Furmie  erher 60  4 

Aootie  ether 69-9 

For  heat  issuing  from  this  source,  the  absorption  by  formio 
ether  is  6*3  per  cent,  in  excess  of  that  by  sulphuric. 

But  in  this  table  we  nolioe  another  case  of  reversaU 
In  all  the  erperimenta  with  the  platinum  spiral,  chloro- 
form showed  itself  less  energetic  than  iodide  of  methyl ; 
but  with  lampblack  as  a  souroe,  chloroform  shows  itself  to 
be  decidedly  the  more  powerful  absorber  of  the  two. 


ItADIAnOM    FBOU    FLAUES. 

We  have  hitherto  occupied  ourselves  with  the  radiation 
from  heated  solids :  let  us  now  pa.ss  on  to  the  examination  of 
the  radiation  from  flames.  The  earliest  of  these  experiments 
were  made  with  a  steady  jet  of  gas,  issuing  from  a  small 
circular  burner,  the  flame  being  long  and  tapering.     The 
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top  and  Bottom  of  the  flame  were  ezoladed,  and  Us  most 
briUiaut  portions  were  chosen  as  the  sourca  The  resulta 
obtained  are  recorded  in  the  following  table  : — 


Radutiom  of  EtuT  THKOOOH  Vafoors,    Sodbo:  a  hiohlt 
LXTxiuouB  Jkt  or  Oas. 


KAma  of  T»roar 

AtKortiilOQ 

«^ite-boti 

Hiinlphide  of  carbon 

.       US 

3-9 

Chlorofunn  . 

.     12-0 

fi-4 

Iodide  of  methjl . 

.     IftA 

7-8 

loditle  of  etb^l     . 

.     19fi 

13  8 

Benzol. 

.     22'0 

l«-5 

Amylene 

.     30-3 

aa-7 

Formic  ether 

.     S4-fl 

86-9 

Sulphuric  other     . 

.     86-7 

36'1 

Acetic  ether 

.    88-7 

27-» 

To  facilitate  the  comparison  of  the  white-hot  carbon 
with  the  wliite-hot  platinum,  the  results  obtaiued  witli 
both  are  placed  side  by  side.  The  emission  from  the 
flamo  is  here  proved  to  be  far  more  powerfully  absorbed 
than  the  emission  from  the  spiral.  Doubtless,  however, 
the  carbon,  in  reaching  incandescence,  passes  through 
lower  8ta<;cs  of  teraperuture,  and  in  those  stages  emits 
heat  more  in  accord  with  the  vapoui'S,  It  is  also  mixed 
with  the  vapour  of  water  and  carbonic  acid,  both  of 
which  contribute  their  quota  to  the  tot^l  radiation.  It 
is  therefore  probable  that  the  greater  absorption  of  the 
heat  emitted  by  the  Same  is  in  part  due  to  the  slower 
periods  of  the  molecules,  which  are  unavoidably  mixed 
with  the  white-hot  carbon. 

The  next  source  of  beat  employed  was  the  flame  of  a 
BuDsen*s  burner,*  the  temperature  of  which  is  known 
to  be  very  high.  The  Hame  was  of  a  pule  blue  colour,  and 
emitted  a  very  feeble  light.  The  following  results  were 
obtained : — 


■  Daeeribed  fn  Leeciir«  TIL 
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Rasutiox  or  Kelt  TBBocnB  Vavouvm.    Bouucs:  Pals-buix  Fun  or 
BuMsni'i  BunxBB, 

Vftow  of  Vtpoor  AUoipUoo 

Cbloroform 6*3 

Biialpbide  of  c&rbon      .        .        .        .  ll'l 

Iodide  of  rth/l U-0 

Ufoiol 17-0 

AoayluiA 24*3 

Salphoric  ether Sl-9 

Formic  ethvr S3*S 

Acede  other 86*3 

Comparing  the  last  two  tables,  we  see  that  ibo  radia- 
tioQ  from  Bimsen's  Bame  is,  on  the  whole,  less  powerfully 
atwurbed  than  that  from  the  luminoua  gus  jet.  In  some 
caaes,  as  in  that  of  formic  ether,  they  come  very  close  to 
each  other;  in  the  case  of  amylene,  and  a  few  other 
substancGB,  they  differ  more  markedly.  But  an  extremely 
interesting  case  of  reversal  here  ghowa  itself.  Bistdphide 
of  carbon,  instead  of  being  first,  stands  decidedly  below 
chloroform.  With  the  luminous  jet,  the  absorption  of 
bisulphide  of  carbon  ia  to  that  of  chloroform  as  100  :  122, 
while  with  the  flamo  of  Bunsen'a  burner  the  ratio  is  100: 
56.  The  removal  of  tiie  carbon  from  the  flame  more 
than  doubles  the  relative  transparency  of  the  chloroform. 
We  have  here,  moreover,  another  instance  of  the  reversal 
of  formic  and  sulphiuic  ether.  For  the  luminous  jet, 
tbe  sulphuric  ether  is  decidedly  the  more  opaque;  for 
the  flame  of  JJunsen's  burner,  it  is  excelled  in  opacity  by 
tbe  formic. 

The  main  radiating  bodies  in  the  flame  of  a  Bunsen^s 
burner  are,  no  doubt,  aqueous  vapour  and  carbonic  acid. 
I  wished  to  separate  these  two  constituents,  and  to  study 
them  separately.  The  radiation  of  aqueous  vapour  could 
be  obtained  from  a  flame  of  pure  hydrogen,  while  that  of 
carbonic  acid  could  be  obtained  from  an  ignited  jet  of 
carbonio  oxide.     Notwithstanding  the  high  temperature  of 
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the  hydi-ogen  6ame,  I  tliought  it  likely  that  the  accord 
hetween  its  periods  of  vibration  and  those  of  the  cool 
aqueous  vapour  of  the  atmoBphere  would  still  be  such  as  to 
ciixisc  the  atmospheric  vapour  to  exert  a  Bpecial  afaaorbent 
power  upon  tho  radiation.  The  following  eiperimeDts 
establish  the  truth  of  thia  surmise. 

BuiiATioir  TBHOcroii  Athostiuiuc  Aia.    Sooitcs :  a  HrziKoassr  Fuu 

Dry  air 0 

Undried  air 17'3 

ThuS)  in  a  polished  tube  4  feet  long,  the  aqueous  vapour  of 
our  laboratory  air  absorbed  17  per  cent,  of  the  radiation 
from  the  hydrogen  flame.  M'hen  a  platinum  spiral,  raised 
by  electricity  to  a  degree  of  incandescence  not  greater  than 
that  attainable  by  plungiug  a  wire  into  the  hydrogen 
flame,  wa«  used  as  a  source  of  beat,  the  undried  air  of  the 
laboratory  w:is  found  to  absorb 

5*8  per  cent. 

of  its  radiation,  or  one-third  of  the  quantity  absorbed  io 
the  case  of  tlie  Rame  of  hydrc^en. 

The  plunging  of  a  spiral  of  platinum  wire  into  the 
flame  rwiuccs  its  temperature ;  but  the  spiral  at  the  same 
time  sends  forth  vibrations,  which  are  not  in  accord  with 
those  of  aqueous  vapour.  The  absorption,  by  onliuary 
imdried  air,  of  heat  emitted  by  this  composite  souroe 
amounted  to 

8' 6  per  cent. 

On  humid  days,  the  absorption  of  the  heat  emitted  by 
a  hydrogen  flame  exceeds  even  the  largest  figure  above 
recorded.  Employing  the  same  experimental  tube  and 
a  new  burner,  the  experiments  were  repeated  some  dayi 
subsequently,  with  the  following  result : — 
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Bahution  tbbouoh  Air.    iHucKci:  XlTuaoonr  Fluib. 

AimorptUm 

DiTftir 0 

Undrnd  air S0*3 

We  may  infer  from  the  foregoing  powerful  action  of 
atmospheric  vapour  on  the  radiation  from  the  hydrogen 
flame,  that  synchronism  reigns  between  the  molecular 
vibratioDB  of  tho  flame  at  a  temperature  (according  to 
Bunsen)  of  5898**  Fahr.  and  those  of  aqueous  vapour  at 
a  temperature  of  60°  Fahr.  The  enormous  temperature 
of  the  hydrogen  flame  increaaes  the  atomic  amplitude  or 
width  of  swing,  but  does  not  change  the  period  of  oecilla- 
Lion. 

The  other  component  of  the  flame  of  Bunsen's  burner 
is  carbonic  acid,  and  the  radiation  of  this  substance  is 
immediittely  obtained  from  a  flame  of  carbonic  oxide.  Of 
the  radiation  from  this  source,  the  smalt  amount  of  car- 
bonic acid  difTuBed  in  the  air  of  our  lal>oratory  a1)sorbed 
13*8  per  cent.  This  high  absorption  proves  that  the  vi- 
brations of  the  molecules  of  carbonic  acid,  within  the  flame, 
are  synchronous  with  the  vibrations  of  those  of  the  car- 
bonic acid  of  the  atmosphere.  Hansen  makes  the  tem- 
perature of  the  flame  5508**  Fahr,,  while  that  of  the  atmo- 
sphere is  only  60°.  But  if  the  high  temperatm^  is  incom- 
petent to  change  the  rate  of  oscillation,  we  may  expect 
cold  carbonic  acid,  when  used  in  large  quantiticR,  to  be 
highly  opaqtio  to  the  radiation  from  the  carbonic  oxide 
flame.  Here  follow  the  results  of  experiments  executed  to 
test  this  conclusion  ; — 


Badutiox  TURouna 

DBT 

Cabookic  Accd. 

SoDttcs:  Oabboxio 

Oxisi 

FUML 

priMBm  tn  iaobM 

JtXmorpUoa 

10 

48iJ 

SO 

ftM 

80 

6M 

m         40 
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P'or  the  rays  emanating  from  the  heateJ  solids  employed 
in  our  former  researches,  carbonic  acid  prove*!  to  be  one 
of  the  most  feeble  absorbers ;  but  here,  when  the  warea 
sent  into  it  emanate  from  molecules  of  its  own  substance, 
itfi  absorbent  ener;^  is  enormous.  The  thirtieth  of  an 
atmosphere  of  the  gas  cuts  off  half  the  entire  rarJiation ; 
while  at  a  pressure  of  4  inches,  65  per  cent,  of  the  ladi- 
tion  in  iutcrceptcd. 

The  energy  of  olefiant  gas,  both  as  an  absorbent  and  as 
a  radiant,  is  now  well  known  to  you.  For  the  solid  sources 
of  heat  just  referred  to,  itii  power  is  far  greater  than  that 
of  carbonic  acid  ;  but  for  the  radiation  from  the  carbnnio 
oxide  flame,  the  power  of  olefiant  gas  is  feeble,  when  com- 
pared with  that  of  carbonic  acid.  This  is  proved  by  the 
experiments  recorded  in  the  following  table: — 


RaBUTIOX  TUnOUOD   DBT 

OLmruKT  Oas 

AMD 

unv  CjLUMiiitc  Acta 

Sovhcb: 

Cabbokio  Oxttn  Fun. 

Obtfluit  ^* 

C«rboalc  MM 

IteHDiv  to  incbdi 

RbMrrUoo 

AtMurptiMI 

1-0 

28-a 

480 

8i» 

847 

Aft-6 

1*0 

44*0 

«n 

4*0 

M-0 

M-I 

A-0 

M'l 

68*4 

10« 

6&'6 

74-a 

Olefiant  gas  and  carbonic  acid  arc  placed  here  aide  by 
side.  The  suporior  power  of  the  acid  is  very  decided,  and 
most  so  at  the  smaller  pressures.  At  a  preesure  of  an  inch 
it  is  twice  that  of  the  olefiant  gas.  The  substances  agree 
more  closely,  as  the  quantity  of  g^a  augmenta.  Here,  in 
fact,  both  of  them  approach  perfect  opacity,  and  aa  they 
draw  near  to  this  common  limit,  their  absorptions,  as  a 
matter  of  course,  approximate. 

The  pro«?nce  of  an  infinitesimal  quantity  of  carbonic 
acid  gas  may  be  detected,  by  its  action  on  the  rays 
emitter!   by  a  carbonic  oxide  flame.     The  action,  for  ex- 
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ample,  of  the  carbonic  acid  expired  hj  tbe  lungs  ia  very 
decided.  An  india-rubber  l>ag  was  filled  by  the  breath  ; 
it  contained,  therefore,  both  the  af^ueous  vapour  and  the 
carbonic  acid  of  tbe  breath.  The  atr  from  the  ba^  was 
then  conducted  through  a  drying  apparatus,  the  moisture 
being  thus  removed,  and  the  neutral  air  and  active  car- 
bonic acid  permitted  to  enter  tbe  experimental  tube.  The 
following  results  were  obtained  : — 
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Soobch:  Cabsonic  Oxidi  Flamil 
AbtorpMoo 
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35-0 

33-9 
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Thus,  the  tube  filled  witli  the  dried  breath  intercepted 
50  per  cent,  of  the  entire  radiation  from  a  carbonic  oxide 
flame.  It  is  quite  manifest  that  wc  liave  here  a  means  of 
testing,  "with  surpassing  delicacy,  the  amount  of  car>»onic 
acid  emitted  under  various  circumstances  from  the  lungt^ 

This  mode  of  experiment  was  further  illustrated  by 
Mr.  Barrett,  when  he  was  my  assistant.  The  deflection 
produced  by  the  breath,  freed  from  its  moisture,  but 
retaining  its  carbonic  acid,  was  first  determined.  Carbonic 
acid,  artificially  prepared,  was  then  mixed  with  perfectly 
dry  air,  in  euch  proportions  that  its  action  upon  tbe 
radiant  heat  was  the  same  as  that  of  the  carbonio  acid 
of  tbe  breath.  The  proportions  of  the  artificial  mixture 
gave  those  of  the  breath.  Here  follow  the  results  of 
three  chemical  analyses,  determined  by  Dr.  Frankland,  us 
compared  with  three  physical  analyses  performed  by  my 
late  assistant. 


Fbbcxxtaob  or  Ciuo:na  Acid  im  IIchax  Suuttc. 

^  ehemltml  uiiJj^  Br  phjitool  uialTila 

4-311  400 

4'M  4M 
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The  agreement  between  the  results  ia  very  fair. 
Doubtless,  with  greater  practice  a  closer  agreement  could 
be  attained. 

Water  at  moderate  thickness  is  a  very  transparent  sub- 
stjince ;  that  is  to  say,  its  vibrating  periods  are,  as  already 
explained,  in  discord  with  those  of  the  visible  spectrum 
It  is  also  highly  transparent  to  the  ultra-violet  rays.  For 
the  rays  of  tbe  invisible  spectrum  beyond  the  red,  the 
opacity  of  the  substance  is,  on  the  other  hand,  un- 
equalled. The  synchronism  of  the  vibrating  periods  of 
the  water  molectilea  with  thwe  of  the  ultra-red  waves  is 
thus  demonstrated.  But  from  the  deportment  of  undried 
utmospherio  air  we  have  already  inferred  tbe  synchronism 
of  the  aqueous  vapour  of  the  air,  and  the  hot  vapour  of  tbe 
tiame.  If,  therefore,  the  periods  of  a  vapour  be  tbe  same 
as  those  of  its  liquid,  we  ought  to  find  water  also  highly 
opaque  to  the  radiation  from  a  hydrogen  flame.  Here  are 
the  results  obtained  with  five  different  thicknesses  of  tho 
liquid : — 


Ba2»utioii  thboooh  Watkr. 
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Through  a  layer  of  water  0-36  of  an  inch  thick, 
Melloni  found  a  transmissioo  of  1 1  per  cent,  for  the  heat 
of  an  Argand  lamp.  Here  we  employ  a  source  of  higher 
temperature,  and  a  layer  of  water  only  0*27  of  an  inch, 
and  find  the  whole  of  the  heat  intercepted.  A  layer  of 
water,  moreover,  al>out  one-tenth  of  the  thickness  of  thai 
employed  by  Melloni,  permits  of  a  transmission  of  only 
3  per  cent,  of  the  entire  radiation.  Hence  we  may  infer 
the  coincidence  in  vibrating  period  Intween  cold  water 
and  aqueous  vapour  heated  to  a  temperature  of  5898' 
Fahr.  (32.59"a) 
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From  the  opacity  of  water  to  tbe  radiation  from 
ac[ueous  vapour,  we  may  iufer  the  opacity  of  aqiieoua 
vapour  to  the  radiation  from  water,  and  hence  oonclide 
that  the  very  act  of  nocturnal  refrigeration  wMch  causes 
the  condensation  of  water  on  the  eartirs  surface,  givee-  to 
terrestrial  radiation  that  particular  character  which  renders 
it  most  liable  to  be  intercepted  by  our  atmosphere,  and 
thns  prevented  from  wasting  itself  in  8p:ice. 

(HFLCfiMCK   or    AN    ATICOSPUKRE  ON  PLA^tETART   TEMFERATOrB 

This  is  a  point  which  deserves  a  moment's  furthcx 
OODsideration.  I  find  that  a  layer  of  oleBant  gas  2  inched 
thick  absorbs  33  per  c-ent.,  a  layer  1  inch  thick  absorbs 
26  per  cent,,  while  a  layer  j-J-jth  of  an  inch  in  thick- 
ness absorbs  2  per  cent,  of  the  radiation  from  an  obsoiiro 
Bom"ce.  Let  us  now  consider  for  a  moment  the  effect 
upon  tilt;  earth's  temperature  of  a  shell  of  olefiaut  gas,  sur- 
rounding our  planet  at  a  little  distance  above  its  surface. 
The  gas  would  l)e  transparent  to  the  solar  rays,  allowing 
them,  without  sensible  hindranoe,  to  reach  the  earth.  Here, 
however,  the  luminous  heat  of  the  sun  would  be  converted 
into  non-luminous  terrestrial  heat;  at  least  26  percent-  of 
this  heat  would  be  intercepted  by  a  layer  of  gas  one  inch 
thick,  and  in  great  part  returned  to  the  earth.  Under  such 
a  canopy,  trifling  as  it  may  appear,  and  perfectly  trans- 
parent to  the  eye,  the  earth's  surface  would  be  maintained 
at  a  stifling  temperature. 

A  few  years  ago,  a  work  possessing  great  charms  of 
style  and  ingenuity  of  reasoning,  was  written  to  prove 
that  the  more  distant  planets  of  our  system  are  uninhabit- 
able. Applying  the  law  of  inverse  squares  to  tlicir 
distances  from  the  sun,  the  diminution  of  temjiorature  was 
found  to  be  BO  great,  as  to  preclude  the  possibility  of 
human   life   in   Che  more  remote  members  of  the  soUu 
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system.  But  in  those  calculations  the  influence  of  nn 
atmospheric  envelope  was  overlooked,  and  this  omission 
vitiated  the  entire  argument.  An  atmoephere  may  act 
the  part  of  a  barb  to  the  solar  rajs,  permitting  them  to 
reach  the  earth,  hut  preventing  their  escape.  A  layer  of 
air  two  inches  in  thickness,  saturated  with  the  vapour  of 
sulpliuric  ether,  woxUd  oflfer  very  little  resistance  to  the 
passage  of  the  solar  rays,  but  X  find  that  it  would  cut  off 
fully  35  per  cent,  of  the  planetary  radiation.  It  would 
require  no  inordinate  thickeniug  of  the  layer  of  vapour  to 
double  this  absorption;  and  it  is  perfectly  evident  that, 
with  a  protecting  envelope  of  this  kind,  permitting  the 
heat  to  enter,  but  preventing  its  escape,  a  comfortable 
temperature  might  be  obtained  on  the  surface  of  the  most 
distant  planet. 


The  late  Dr.  Miller  was  the  first  to  infer  from  the  in- 
ability of  the  rays  of  burning  hydrogen  to  pass  through 
glass  screens,  that  the  vibrating  periods  of  the  flame  must 
be  in  the  main  ultra-red;  and  that  consequently,  the 
oscillating  periods  of  the  lime-light  must  be  more  rapid 
than  those  of  the  oxyhydrogen  Same  to  which  it  owes  its 
incandescence.'  As  pointed  out  by  Dr.  Miller,  the  in- 
candescent lime  furnishes  an  example  of  exalted  refrangi- 
bility.    The  same  remark  applies  to   a  platinum  wire 

'  Aft4T  roforring  tn  the  nutoarehoii  of  Vrotetuor  Stokes  on  'degrade)]* 
refrangibtlity.  Dr.  Miller  taye : — *  Hoat  of  low  rcfnm^bilitjr  mny,  bowtT«r, 
b«  C0DTert«d  into  hoKt  of  higher  r^frangihilitj :  for  ezninple,  a  jet  of  uixttd 
oxygen  nnd  hydrogen  gaitea  fumi«bcii  a  hcAt  nearly  ae  inUnfMi  aft  any  -whtcU 
art  axQ  comtnund,  vet  it  doos  notomitrajB  which  hare  the  power  uf  tiawr*- 
iug  glam  ill  any  CDintidHrNhle  qnonlily,  ereo  thmigh  a  }enm  Iw  i>niploTod  for 
their  concootrutitm.  Upon  introdacini;  a  cylinder  of  linao  into  the  jet  til 
bamittg  gmtre,  thnngh  the  Hmoniit  of  heat  is  not  thus  incrcas*^.  thn  light 
booomu  too  bright  for  the  unprotected  eye  to  eDdar«,ftiid  tbtf  Ihrnnic  ray* 
Kcqiiire  the  property  of  triTeretDg  glass,  aa  is  shown  Tiy  their  action  npoa  a 
thermometer  the  bulb  of  which  i«  placed  in  the  fociu  of  the  len*.' — 
Ckemical  Phytic;  I  SAfi,  p.  310. 
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plunged  in  a  hydrogen  flame.  We  have,  in  this  case  also, 
a  ('OQversion  of  uavisual  periods  into  visual  ones.  This 
shortening  of  the  periods  must  augment  the  discord  be- 
tween the  radiating  source  and  the  series  of  liquids  with 
which  we  have  operated,  and  hence  augment  their  trans- 
parency to  the  radiation.  The  conchision  was  testc<l  and 
verified  by  experiments  on  hiyera  of  the  Uqiiida  of  two 
diderent  thicknesses. 

Badutiov  TBiLocca  LiQciDfl.    SooBCKs;  1.  IlYDitoaKit  FiAn; 
2.  Htdsookh  Fuu  un>  Platimum  Spuui. 


r- 
Th 

TntmnUdon 

• 

Bame  or  llqiUd 

IcksiiM  of  Ifqald  0-04  Inrb  : 

Thh-knoMi  ot  liquid  0*07  Incb. 

flUDAtXtlf. 

Pluue  feod  fplrmU 

Pluno  ooljr.  Fluno  uid  vplntL 

Bisulphiclfl  of  carbon 

77-7 

87-3 

70*4 

60-0 

Cltloroform 

04-0 

72-8 

40*7 

60-0 

Iodide  of  methyl 

31  6 

42-4 

36-2 

3G-2 

Iodide  of  elhyl 

30  3 

36  8 

24*2 

326 

Bo&tol     . 

24  1 

32-6 

170 

28-8 

Amyleoa  . 

U-9 

26-8 

13-4 

24-3 

Bulphoric  etbor 

131 

326 

61 

220 

AeaTic  other     . 

10-1 

18  3 

6-6 

185 

Alcohol   . 

0-4 

147 

68 

12-3 

Watar      . 

3-2 

7-5 

20 

6-4 

The  transmission  in  each  case  is  shown  to  be  considerably 
atigmented  by  the  introduction  of  the  platinum  wire. 

SFECTBUM   or   nTDBOGEN   FLAUE. 

Direct  experiments  with  the  hydrogen-flame  completely 
verify  the  iuference  of  Dr.  Miller.  I  had  constructed  a 
complete  rock-salt  train  of  lenses  and  prisms,  capable 
of  being  subatitnted  for  the  ordinary  gla^s  train  of  the 
electric  lamp.  Within  the  camera  of  tlie  Inmp  was 
placed  a  burner  with  a  single  circular  aperture,  the  flame 
Issuing  from  it  occupying  the  position  usually  taken  up  by 
the  carbon*  points.  This  burner  was  connected  with  a  T- 
piece,  from  which  two  pieces  of  iniJia-rubbcr  tubing  were 
carried,  the  one  to  a  large  hydrogen-holder,  the  other  to 
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the  g.i»-pipe  of  the  laboratory.  It  was  f  hua  in  my  power 
to  httve,  at  will,  either  the  ga»-flame  or  the  hydrogen-flame. 
When  the  former  was  employed,  a  visible  ffpectnun  was 
produced,  which  enabled  me  to  fix  the  therroo-pile 
in  its  proper  position.  To  obtain  the  latter,  it  waa 
only  necessary  to  turn  on  the  hydrogen  until  it  reached 
the  gus-flume;  then  to  turn  off  the  gas  and  leave  the 
hydrogen-flame  behind.  In  thia  way  the  one  flame  could 
be  substituted  for  the  other  without  opening  the  door  of 
the  camera,  or  producing  any  change  in  the  position  of 
the  source,  tbe  lenses,  the  prism,  or  the  pile. 

The  spectrum  of  the  luminous  gas-flame  being  caxt 
upon  the  screen,  the  linear  thermo-pile  was  gradually 
moved  through  the  colours  and  beyond  the  red,  until  the 
deflection  of  the  gaU-anometer  became  a  maximum.  The 
deflectiun  then  observed  was 

30* 

When  the  pile  was  moved  in  cither  direction  from  this 

position,  the  deflection  diminished. 

The  hydrogen-flame  waa  now  substituted  for  the  ga*- 

flame ;  the  visible  spectrum  disappeared,  and  the  deflection 

feUto 

12', 

Hence,  as  regards  rays  of  this  particular  refrangibility,  the 
emission  from  the  luminous  gas-flame  was  two-and-a-half 
times  that  from  the  hydrogen-flame. 

The  pile  was  again  moved  to  and  fro,  the  movement  in 
both  directions  U'ing  accompanied  by  a  diminished  deflec- 
tion. Twelvedcgrces,  therefore,  wasthemaximumduflection 
for  the  hydrogen-flame ;  aud  the  position  of  the  pile,  deter- 
mined previously  by  means  of  the  lumluous  flame^rovcsthat 
this  deflection  was  produced  by  ultra-red  heat.  I  moved 
the  pile  a  little  forwards,  so  as  to  reduce  the  deflection 
from  12"  to  4%  and  then,  in  order  to  ascertain  the  refrangi* 
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bility  of  the  rays  which  protluced  this  fimull  deflection,  re- 
lijfhted  the  gas.  The  face  of  the  pile  waa  tbunil  invading 
the  red.  When  tlio  pile  was  caused  to  pasH  successively 
through  positionn  corre.^pondinpr  to  the  various  colours  of 
the  spectrum,  and  to  itd  ultra-violet  rays,  no  measuruhle 
dtiilection  was  produced  by  the  hydrogen-flame. 

It  is  thus  conclusively  proved  that  the  radiation  from 
a  hydr(^en-flame,  as  far  as  it  is  capable  of  measurement 
by  our  delicate  arrangement,  is  ultra-red.  The  other  con- 
Btituents  of  the  radiation  are  so  feeble  as  to  be  thermally 
insensible. 


And  here  we  find  ourselves  in  a  position  to  offer 
Holations  of  various  facts,  which  have  hitherto  stood  out 
as  enigniAH  in  rcBearches  upon  radiant  beat.  It  was  for  a 
time  generally  HUpposed  that  the  power  of  heat  to  penetrate 
diathermic  sultstances  augumented  as  the  temperature 
of  the  source  became  more  elevated,  Knoblauch,  whosn 
I  beautiful  researches  on  Itadlant  heat  are  so  well  known 
and  appreciated,  contended  against  this  notion,  showing 
that  the  heat  emitted  by  a  platinum  wire  plunged  in 
an  alcohol  flame  waa  less  absorbed  by  certain  diathermic 
substances,  than  the  heat  of  the  flame  itself ;  and  he  justly 
argued  that  the  temperature  of  the  spiral  could  not  be 
higher  than  that  of  the  body  from  which  its  heat  waa 
derived.  A  plate  of  transparent  glass  being  introduced 
between  the  flame  with  its  incandescent  platinum  spiral 
and  the  thermo-pile,  the  deflection  of  his  needle  fell  from 
35"  to  ly";  while,  when  the  sotuce  was  the  flame  of 
alcohol,  without  the  spiral,  the  deflection  fell  from  35*  to 
16**.  This  proved  the  radiation  from  the  alcohol  flame  to 
be  more  intercepted  than  tliat  from  the  spiral ;  or,  in  other 
words,  that  the  heat  emanating  from  the  body  of  highest 
temperature  possessed  the  least  penetrative  power.  Melloni 
afterwards  verified  this  experiment. 
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Transparent  glass  of  the  kind  employed  by  MeUooi 
allows  the  rajs   of  the  visible  spectrum    U>   pass  freely 
through  it ;  but  it  is  highly  opaque  to  the  radiation  from  i 
obscure  aotuces.     A  plate  0*  1  of  an  inch  thick  iotercepta 
all  the  rays  from  a  source  of  100°  C,  and  transmits  only 
6  per  cent,  of  the  heat  emitted  by  a  source  of  400*  C.  (see  i 
p.  308).   Kow  the  products  of  an  alcohol  flame  are  aqueous 
vapour  and  carbonic  acid,  w]ioi»e  waves  have  been  proved 
to  be  of  the  particular  character  motit  powerfully  inter- 
cepted by  glass.     But  by  plunging  a  platinum  wire  into 
guch  a  flame,  we  convert  its  heat  into  heat  of  higher  re- 
fraugibility ;  and  thus  establish  the   discord  between  tlie 
periods  of  the  source  and  the  periods  of  the  glass,  which, 
as  before  defined,  is  the  physical  cause  of  transparency. 
On  purely  a  priori   grounds,   therefore,  we  might  infer 
that  the  introduction  of  the  platinum  spiral  would  augroent  h 
the  penetrative  power  of  the  heat.     With  a  plate  of  gloA^ 
Mclloni,  in  fact,  found  the  following  tmnsmisdons  for  the 
flame  and  the  red-hot  spiral; — 


For  Um  flanM 
41-2 


for  tba  pIsttataB 
628 


Tlie  S'ime  remarks  apply  to  the  transparent  selcnite 
examined  by  Melloni.  This  subetAnce  is  highly  opacpte  to 
the  ultra-red  undulations ;  but  the  radiation  from  an  alco- 
hol flame  is  mainly  xdtra-red,  hence  the  opacity  of  the . 
selenite  to  this  radiation.  The  introduction  of  the  platinum : 
spiral  quickens  the  periods  of  oscillation  and  augments  the 
transmission.  Melloni  found  the  transmissions  through 
selenite  to  be  as  follows : — 

riHM  I'lMiDUm 

4-4  19  6 

So  &r  the  results  of  Melloni  coincide  with  those  of 
Knoblauch ;  but  the  Italian  philosopher  pursued  the 
matter  further,  and  showed  that  Knoblauch's  results,  though 
true  for  the  particular  sub^jiances  examined  by  him,  are 
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not  true  of  diathermic  media  universally.  In  the  case  of 
black  glass  and  bl<ick  mica,  a  etriking  inversion  of  the 
efTeot  was  observed.  Through  these  substances  the  radiation 
from  the  flame  was  more  copiously  transmitted  than  that 
from  the  platinum.  For  black  Melloni  found  the  follow- 
ing traosmiasipns : — 


Prom  th«  fliuna 
62-6 


Vtron  tb«  platbmD 
42-6 


And  for  a  plate  of  black   mica  the  following  transmis- 
Kons ! — 

Prom  Um  flanM  Ftou  Um  plmtlnttu 


638 


£2-6 


These  results  were  left  unexplained  by  IMelloni,  hut 
the  solution  is  now  easy.  The  black  glass  and  the  black 
mica  owe  their  blackness  to  the  carlion  incorporated  in 
them,  and  it  has  been  shown  that  while  opaque  to  light 
carbuu  is,  in  a  cunsideruhle  degree,  pervious  to  the  waves 
of  long  period ;  that  is  to  say,  to  such  waves  as  arc 
emitted  by  a  6ame  of  alcohol.  The  case  of  the  carbon  is 
tberofore  precisely  antithetical  to  that  of  the  transparent 
Rglass,  the  former  transmitting  the  heat  of  long  period,  and 
the  latter  that  of  short  period  must  freely.  Hence  it  fol- 
lows that  the  introduction  of  the  platinum  spiral,  by  con- 
verting the  long  periods  of  the  flame  into  short  ones, 
augments  the  transmission  throngh  the  transparent  glaaB 
and  selenite,  and  diminishes  it  through  the  opaque  gl&BS 
and  mica. 
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maoarmcr  or  dabk  solas  bats— ma^csBL's  avd  m^lus's  axPEUinvTi 
— mam  or  nrrBHsrry  with  TsiinkATusB— bbat  or  buctuo  sp«>- 
TBm — BAT-rrLTva:   atioiwo   nut   klsctoio   liobt — ■nAxawrATioir  ' 

or  BATS — THKBMA.L  IMAdB  BUTDBBBS  LDmVOCS  —  COKBOSTIOB  AND 
DCCANDBCBKCB  BY  DABS  BATS — rLDOBMICllKB  AND  CAIOBBSCBNCB — 
ttABX  SOLAR  BATS— DABB  LIBB-UOIIT  BATS~FSAXXU«'s 
ON  COLOUSa — ITS  AMALT5IS   A^T>   BXFLANATION. 


INVISIBLB   BOLAB   HADIATION. 

ON  a  former  occasion  I  promised  to  make  known  to  you 
the  progress  of  recent  inquiry  as  rogarda  the  euhjeet 
of  invisible  radiation.  A  hope  was  then  expressiMl  that 
I  should  be  able  to  sift  in  your  presence  the  composite  J 
emission  of  the  electric  lamp  ;  to  detach  its  rays  of  darkneai , 
from  its  rays  of  light,  and  to  show  you  the  power  of  those 
dark  niys  when  they  are  properly  intensified  and  con- 
centrated. 

The  hour  now  before  us  shall  be  devoted  to  an  attempt  ] 
to  redeem  this  promise.  And  in  the  firet  place  it  is 
neoeesary  that  we  should  have  distinct  notions  regarding 
these  dark  rays,  or  obscure  rays,  or  invisible  rays — all 
these  adjectives  have  been  applied  to  them.  We  have 
defined  light  as  wave  motion ;  we  have  learned  that  the 
different  colours  of  light  are  due  to  u-avea  of  different 
lengths;  and  we  have  also  learned  that  side  by  side  wilh 
the  visible  rays  emitted  by  luminous  sources,  we  have  an 
outflow  of  invisible  rays.  This,  accurately  expres0ed|i 
means  that  together  with  those  waves  which  cross  the* 
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humours  of  the  eye,  impinge  upon  the  retina,  and  excite 
the  sense  of  viaion,  there  are  others  which  either  do  not 
reach  the  retina  at  all,  or  which,  if  they  do,  are  not  gifted 
with  the  power  of  prodncin*^  th;it  specific  motion  in  the 
optic  nerve  which  resulU  iu  vision.  "Whether,  and  in 
what  degree,  the  dark  rays  of  the  electric  light  rwich  the 
retina,  shall  be  decided  subsequently ;  but  no  matter  wliat 
may  be  tlic  cause  of  their  inefficacy,  whether  it  be  due  to 
their  being  quenched  in  the  humours  of  thti  eye,  or  to  a 
speciBc  incompetence  on  their  part  to  arouse  the  retina, 
all  rays  which  fail  to  excite  vision  are  called  dark,  ob- 
scure, or  invisible  rays ;  while  all  rays  that  can  excite 
vision  are  called  visible  or  luminous  rays. 

It  must  be  confessed  that  there  is  a  defect  in  the 
terms  employed ;  for  we  cannot  see  light.  In  interstellar 
space  we  should  be  plunged  in  darkness,  though  the 
waves  from  all  suns  and  all  stars  might  be  speeding 
through  it.  We  should  see  the  suns  and  the  stars  them- 
selves, but  the  moment  we  turned  our  backs  upon  a 
star,  ita  light  would  become  darkness,  though  the  ether 
all  arouud  us  might  be  agitated  by  its  waves.  We 
cannot  see  the  ether  or  its  motions,  and  hence,  strictly 
speaking,  it  is  a  misuse  of  language  to  speak  of  its  waves 
or  rays  being  visible  or  innsible.  This  form  of  expression, 
however,  has  taken  root ;  its  convenience  has  brought  it 
into  general  use,  and,  unrlerstanding  by  the  terms  visible 
and  invisible  rays,  wave  motions  which  are  respectively 
competent  and  incompetent  to  excite  the  optic  nerve,  no 
harm  can  result  from  the  employment  of  the  terms. 

To  the  detection  of  those  dark  rays  in  the  emission 
of  the  sun  reference  has  been  already  made,  and  their 
existence  in  the  emission  of  that  source  which  comes  next 
to  the  sun  in  power — the  electric  light — lias  also  been 
demonstrated  before  you.  The  discoverer  of  the  dark  rays 
of  the  sun  was,  as  you  have  been  already  informed,  Sir 
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William  Herscbel.  His  means  of  observation  were  far 
leas  perfect  than  those  now  at  our  command ;  but,  like 
Newton,  lie  could  extract  from  nature  great  results  with 
very  poor  appliances.  He  caused  thermometen  to  pats 
throttgh  the  various  coloiu^  of  the  solar  spectrum,  and 
noted  the  temperature  corresponding  to  each  colour.  He 
pushed  his  thermometers  beyond  the  extreme  red  of  tha 
spectrum,  and  found  that  the  radiation,  so  fur  from 
terminating  with  the  visible  spectrum,  rose  to  its  maximum 
energy  beyond  the  red.  The  experiment  proved  that  side 
by  side  with  its  lumiaoiis  rays  the  sun  emitted  others  of 
lower  refrangibilily,  which,  although  they  possessed  high 
calorific  power,  were  incompetent  to  excite  the  sense  of 
vision. 

The    rise    of  the  thermomctric  colamn,  when  the 
instrument  is  placed  in  any  colour  of  the  spectrum,  may 
Fia.  HI. 

be  represented  by  a  straight  line.  For  example,  if  a  line 
of  a  certain  length  be  taken  to  represent  a  rise  of  ooe 
degree,  a  line  of  twice  that  length  will  represent  a  rise 
of  two  degrees,  while  a  line  of  half  the  length  would 
represent  a  rise  of  half  a  d^ree.  In  order  to  show  the 
distribution  of  heat  in  the  spectrum  of  the  sun,  Sir  William 
Herschel  adopted  this  device  of  representing  temperatures 
by  lines.  Drawing  a  horizontal  line  A  I,  fig.  Ill,  to 
represent  the  length  of  the  Rpectrum,  visible  and  invisible. 
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and  erei'ting  at  lU  vanou»  poLuU  purpeudiculars  to  re- 
present tbe  beat  of  tlie  gpectriim,  ou  uniting  the  ends  of 
those  perpendiculars,  he  obtained  a  curve,  which  exhibited 
at  ft  glance  tiie  distribution  of  heat  in  tbe  spectrum. 
The  letter  £  marks  a  point  iu  the  blue  of  the  spectrum 
where  the  heat  first  became  sensible ;  from  s  to  d,  which 
marks  the  limit  of  the  red,  the  tcmpomturo  steadily  in- 
creased, as  shown  by  the  increased  height  of  tbe  curve. 
At  D  the  visible  spectrum  of'ased,  but  an  invisible  one 
extended  beyond  o  to  a,  where  it  vanLshed.  According, 
then,  to  tbe  observations  of  Sir  William  Herschel,  the 
white  space  B  D  e  represents  the  thermal  value  of  tbe 
visible,  while  the  black  space  A  n  d  represents  tbe  thermal 
^'alue  of  the  invisible  radiation  of  tbe  smL 

With    the    more     perfect    ajiparatus     subsequently 
devised  by  Mtlloni,  Professor  Miiller  of  Freiburg  examined 

I'lQ.    112, 


tbe  dwtribution  of  heat  in  the  solar  spectrum.  The  residta 
of  his  observations  are  rendered  graphically  in  fig.  112, 
where  the  area  D  c  k  represents  the  visible,  and  a  B  c  n  the 
invisible  radiation. 


Before  proceeding  to  our  own  measurements,  it  is 
desirable  to  make  a  few  remarks  upon  the  generation  and 
intensification  of  rnyi*,  visible  and  invisible.  A  solid  body 
at  the  ordinary  temperature  of  our  air  htta  its  molecules  in 
motion:  but  it  emits  rays  of  too  low  a  refrangibility,  or. 
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ID  otbcr  word?,  it  generates  undcUations  which  are  too 
long  and  of  too  slow  reciirreooe  to  excite  vision.  Coo- 
ceive  its  temperature  gradually  augmented.  With  the  iu- 
creased  iemperatore  quicker  vibrations  are  introduoed; 
and  at  a  certain  temperature  the  vibrations  are  sufficienUj 
rapid  to  affect  the  eye  as  light.  The  body  glows,  first, 
as  already  stated,  with  a  red  light;  afterwards,  as  the 
temperature  heightens,  orange,  yellow,  green  and  blue  are 
introduced  in  succeefsion. 

The  vibrations  correaponding  to  these  suooessive 
colours  are  estentially  new  vibrations.  But,  simultaneously 
with  the  introduction  of  each  new  and  more  rapid  vibia- 
tion,  we  have  an  intc-nsificatioii  of  all  the  vibrations 
which  preceded  it-  The  vibrations  executed  when  our  ball 
was  at  the  temperature  of  the  air,  continue  to  be  executed 
when  the  ball  is  white-hot..  But  while  the  pen<>d  remains 
thus  constant,  the  amplitude,  on  which  the  intensily  of 
the  radiation  depends,  is  enormously  increased.  For  this 
reason,  the  rays  emitted  by  an  obscure  Ixwly  can  never 
approach  the  intensity  of  the  obscure  rnjs  emitted  by  a 
highly  lumiuous  one. 

Let  me  rivet  this  suliject  upon  your  attention  by  a 
numerical  example  of  the  rise  in  the  intensity  of  a  special 
vibration,  while  more  rapid  ones  are  being  introduced. 
A  spiral  of  platinum  wire  was  placed  in  a  camera,  and 
in  front  of  the  camera  was  placed  a  sUfr*  A  voltaic  current 
was  sent  through  the  spiral,  but  not  in  sufficient  strength 
to  make  it  glow.  By  means  of  lenses  and  prisms  of  pure 
rock-salt,  and  by  other  suitable  devices,  an  invisible  spec- 
trum of  the  rays  emitted  by  the  platinum-wire  was  ob- 
tained. A  thin  sUce  of  this  spectrum  was  permitted  to 
fall  upon  the  face  of  tlie  linear  thermo-pile  already  de- 
scribed. The  band  of  the  spectrum  was  so  narrow  and 
the  radiation  so  weak,  that  the  deflection  of  the  galvano- 
meter was  in  the  first  instance  only  one  degree.     Without 
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altering  tbc  posilioo  of  any  portion  of  the  apparatus,  the 
current  was  gradually  strengthened  ;  raising  the  tompera- 
tore  of  the  wire,  from  darkness  through  visible  red,  to  an 
intense  white  heat.  When  this  was  reached  a  brilliant 
Fpectrum  was  projected  on  the  screen  to  which  the  pile 
was  attached,  but  the  pile  itself  was  outside  the  Rpeo- 
trom.  It  received  invisible  rays  alone,  and  throughout  the 
erperiment  it  continued  to  receive  those  particular  vibra- 
tious  which  first  affected  it.  The  amount  of  refraction, 
or  in  other  words  the  rate  of  vibration,  being  determined 
by  the  position  of  the  pile,  as  this  position  remained 
throughout  unchanged,  the  vibration  was  unchanged  also. 
The  following  column  of  numbers  shows  the  rise  of 
intensity  of  the  particular  rays  foiling  on  the  pile,  when 
the  platinum  ppiral  passed  through  its  various  degrees 
of  incandescence  up  to  white  heat: — 

AppMnnce  of  iplnl  aadlAtlon  of  ot»nir«  tmad 

Dark 1 

Dark « 

FaiDt  red        .        •        •        .        .  10 

Dallnd 13 

Bod 18 

FuUred 27 

OniDge  ..,..,  60 

Ydlov 93 

Full  whit4 122 

Thus  we  prove  that  as  the  new  and  more  rapid  vibrations 
are  introduced,  the  old  ones  become  more  intense,  until 
at  a  white  heat  the  obscure  rays  of  a  special  refrangibility 
reach  an  intensity  122  times  that  possessed  by  them  at  the 
commencement.  This  abiding  and  augmentation  of  the 
dark  rays  when  the  bright  ones  are  introduced  may  be 
expressed  by  the  phrase  persistence  of  rays. 


THE   ELECTUC    STSCTaUM. 


What  baa  been  here  demonstrated  regarding  an  in- 
candescent platinum  spiral   is  also  true  of  the  electric 
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light.  Side  by  side  with  an  outflow  of  intensely  luminous 
raya,  wc  have  a  corresponding  outflow  of  obecure  ones. 
The  carbon- points,  like  the  platinum  spiral,  may  be  raiiied 
from  a  state  of  obacure  warmth  to  a  brilliancy  almost 
equal  to  that  of  the  sun,  and  as  this  occurs,  the  obscure 
radiation  rises  enormously  in  intensity.  The  accumte 
investigation  of  the  distribution  of  heat  in  the  spectrum 
of  the  electric  light  will  fitly  prepare  the  way  for  thoiJe 
experiments  on  invisible  rays  to  which  I  shall  subsequently 
direct  your  attention. 

The  thermo-pile  employed  is  the  beautiful  instrument 
already  referred  to  aa  constructed  by  Kuhmkorff,  and 
represented  in  fig.  87,  p.  278.  It  consists,  as  you  know, 
of  a  bingle  row  of  elements  properly  mounted  and  attachcl 
to  a  double  brass  screcu.  It  has  in  front  two  silvered 
edges,  which,  by  means  of  a  screw,  can  he  caused  to  close 
upon  the  pile,  so  as  to  render  its  face  as  narrow  a£  de- 
sirable, reducing  it  to  the  width  of  the  finest  hair,  or, 
indeed,  shutting  it  off  altogether.  By  means  of  a  small 
handle  and  long  screw,  the  plato  of  brass  and  the  pile  at- 
tached to  it  can  be  moved  gently  to  and  fro,  and  thus 
the  vertical  ^lit  can  be  caused  to  traverse  the  entire 
spectrimi,  and  to  pass  beyond  it  in  both  cUrectioua.  The 
width  of  the  spectrum  was  in  each  case  equal  to  the 
length  of  the  face  of  the  pile. 

To  produce  a  steady  spectrum  of  the  electric  light,  I 
employed  a  n'gulator  devised  by  M.  Koucault  and  c-on- 
structed  by  Duboscq,  the  constancy  of  which  is  admirable. 
A  complete  rock-salt  train  was  employed.  In  the  front 
orifice  of  the  camera  was  placed  a  double  lens  of  trans- 
parent rock-salt,  intended  to  reduce  to  parallelism  the 
divergent  rays  proceeding  from  the  carbon-points.  The 
pamllcl  beam  was  permitted  to  pass  through  a  narrow 
»Ui,  in  &ont  of  which  was  placed  another  rock-salt  lens, 
the  position  of  this  lens  being  eo  arranged  that  a  sharply- 
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detined  imago  of  tlio  slit  was  obtained  at  a  distance 
bejoud  it  equal  to  that  at  which  the  Bpectnun  was  to 
be  formed.  Immediately  behind  this  lens  was  placed  a 
pure  rock-salt  prism  (frequently  two  of  them).  The  beam 
was  thus  decomposed,  a  brilliant  horizoatal  spectrum  being 
cast  upon  the  screen  which  bore  the  thermoelectric  pile. 
By  turning  the  handle  ah^eady  referred  to,  the  face  of  the 
pile  could  be  caused  to  traverse  the  spectrum,  an  ex- 
tremely narrow  band  of  light,  or  of  radiant  heat,  falling 
upon  it  at  each  point  of  its  march.'  A  sensitive  galva- 
nometer was  connected  with  the  pile,  and  from  its  deflec- 
tion the  heating-power  of  every  part  of  the  spectrum, 
visible  and  invisible,  was  inferred. 

Two  modes  of  moving  the  instrument  were  practised, 
the  description  of  one  of  wbioh  will  be  sufficient  here. 
The  face  of  the  pile  was  brought  to  the  violet  end  of  the 
spectnim,  where  the  heat  is  insensible,  and  moved  through 
all  the  colours  to  the  red;  then  past  the  red  up  to  the 
position  of  maximum  heat,  and  afterwards  beyond  this 
position  until  the  heat  of  the  invisible  spectrum  gradually 
faded  away.  The  following  t^ible  contains  a  series  of 
measurements  executed  in  this  manner.  The  motion  of 
the  pile  is  expressed  in  turns  of  its  handle*  every  turn  cor- 
responding to  the  shifting  of  the  face  of  the  instrument 
through  a  space  of  one  millimetre,  or  -^th  of  an  inoh. 
At  the  beginning,  where  the  increment  of  heat  was  slow 
and  gradual,  the  readings  were  taken  at  every  two  turns 
of  the  handle;  on  quitting  the  red,  whore  the  heat  sud- 
denly increases,  the  intenals  were  only  half  a  turn,  while 
near  the  maximum,  wlicro  the  changes  were  most  sudden, 
the  intervals  were  reduced  to  a  quarter  of  a  turn,  whicli 
corresponded  to  a  translation  of  the  pile  through  7-J-ijfrh  of 
an  inch.     Intervals  of  one  and  of  two  turns  were  aller- 


Thf  viilth  of  the  Linear  pile  wnf  003  inch. 


43ii 


HCJIT   A   MODE   OF   3I0TI0X. 


iMcr,  XT. 


wards  resumed  until  the  beating-power  ceased  to  be 
distinct.  At  every  baltlng-pluce  tbe  deflection  of  the 
needle  «'as  noted.  Calling  the  maximum  eflfect  in  each 
series  of  eiperimenta  100,  the  column  of  figures  in  the 
following  tJible  expresses  the  heat  of  all  the  other  parta 
of  the  spectrum  :^ 

DtsniBunoM  or  Hut  or  Bitenam  ow  Eucnuo  Lnatr. 

MoTCMDtorpUa  Cy«rMfi  tanoMflr 

Brfon  Rtonioff  (pile  in  Uie  Una)    .         .  0 

Tvo  ttuiu  forward  (given  onlond)         .  3 

....  6 

.        -         .         -  « 

,.                        (red  entered)  31 

„                      (•xtram*  nJ)  46 

Half  tarn  forward 60 

74 

86 

»« 

99 

Quarter  tarn  fonrard,  nuuioium  100 

97 

Half  torn  forwud 78 

H                    03 

M                      46 

sa 

Tvo  tnrni  forvnid         ....  14 

9 

7 

6 

» 

» 

» 


Here,  as  already  stated,  we  begin  in  tlie  blue  and  pass 
first  throu*;h  the  visible  spectrum.  Quitting  this  nt 
the  place  marked  *■  extreme  red,*  we  enter  the  invisible 
calorific  spectrum  and  reach  the  position  of  maximum  heat^ 
from  which,  onwards,  the  thermal  [tower  falls  till  it  practi- 
cally  disappears. 

More  than  a  dozen  scries  of  such  measurements  were 
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executed,  each  series  giving  iU  own  curve.  On  super- 
posing all  the  currej  a  very  close  agreement  was  found 
to  exist  between  them.  The  annexed  figure  (fig.  113), 
which  is  the  mean  of  several,  expresses,  with  a  near 
approximation  to  accuracy,  the  distribution  of  heat  in  the 
spectrum  of  the  electric  light  from  fifty  cells  of  Grove. 
The  spQ(»  A  B  c  D  represents  the  invisible,  while  c  i>  K  re- 
present) the  visible  radiation.  We  here  see  the  gradual 
augmentation  of  thermal  power,  from  the  blue  end  of  tbt? 
spectrum  to  the  red.  But  in  the  region  of  dark  lays 
beyond  the  red,  the  curve  shoots  suddenly  upwards  in  a 
steep  and  massive  peak — a  kind  of  Matterhom  of  heat — 
which  quite  dwarfs  by  its  magnitude  the  portion  of  the 
diagram  representing  the  visible  radiation. 

It  is  shown  by  this  diagram  that  the  ratio  of  the  in- 
visible to  the  visible  radiation  in  the  case  of  the  sun  is  jhr 
less  than  in  the  case  of  tlie  electric  light.  Fig.  112  shows 
the  invisible  radiation  of  the  sun  to  he  about  twice  the 
visible,  while  fig.  113  shows  the  invisible  radiation  of  the 
electric  light  to  be  nearly  eight  times  the  visible.  If  we 
cause  the  t>eam  from  the  electnc  lamp  to  pass  through  a 
layer  of  water  of  sui  table  thickness,  we  place  its  radiation 
in  appruxtmutely  the  same  condition  as  that  of  the  sun; 
and  on  decompoMng  the  I)eam  after  it  has  been  thus 
sifted,  we  obtain  a  distribution  of  heat  closely  reBembliog 
that  observed  in  the  solar  spectnim. 

The  curve  representing  the  distribntion  of  heat  in  the 
electric  spectrum  fiills  most  steeply  on  that  side  of  the 
maximum  which  is  most  distant  from  the  red.  On  both 
sides,  however,  we  have  a  oondnuoua  falling  off.  I  have 
made  numerou*  experiments  to  ascertain  whether  there  is 
any  interruption  of  continuity  in  the  calorific  spectrum ; 
but  all  the  measurements  hitherto  executed  with  artificial 
sources  reveal  a  gradtml  and  continuous  augmentation  of 
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beat  from  the  point  where  it  first  bccomea  sensible  up  to 
the  maximum. 

Sir  John  Herschel  has  shown  that  this  is  not  the  case 
with  the  radiation  from  the  sun  when  analysed  by  a  Qint- 
glau  prism.  Permitting  the  solar  spectrum  to  fall  npona 
sheet  of  htnckened  paper,  ovpr  which  had  been  spread  a 
wash  of  alcohol,  thifi  eminent  philosopher  determinod  by 
its  drying--powei  the  heating-power  of  the  spectrum.  Ue 
found  that  the  wet  surface  dried  in  a  series  of  spot?,  repre- 
senting thermal  maxima  separated  from  each  other  by 
spaces  of  comparatively  feeble  calorific  intensity.  The 
siilijcct  was  examined  by  M.  Lamansky  in  1871,  and  he 
verified  and  extended  the  observation  of  SirJohnHerschel. 
No  snc-h  maxima  and  minima  were  observed  in  the 
Bpectmiu  of  the  electric  light,  nor  in  the  spectrum  of  a 
platinum  wire  raised  to  a  white  heat  by  a  voltaic  current. 
Prisms  and  lenses  of  rock-salt,  of  crown  glass,  and  of  flint 
glass  were  employed  in  these  cases.  In  other  experiments 
fche  beam  intended  for  analysis  was  caused  to  pass  through 
layers  of  water  aud  other  liquids  of  various  thicknesses. 
Gases  and  vapours  of  various  kinds  were  also  introduced 
into  the  path  of  the  beam.  In  all  cases  there  was  a 
general  lowering  of  the  calorific  power,  hut  the  descent  of 
the  curve  on  both  sides  of  the  maximum  seemed  unbroken. 

The  rays  from  an  obscure  source  cannot,  aa  already  re- 
marked, compote  in  point  of  intensity  with  the  obscure 
rays  of  a  lumiuous  source.  No  body  heated  under  incan- 
descence could  emit  rays  of  an  intensity  comparable  to  the 
obscure  raysof  the  maximum  region  of  the  electric  apeetrum. 
If,  ther<*ft)re,  we  wish  to  produce  intense  calorific  effects 
by  invisible  rays»  we  must  choose  those  emitted  by  an  in- 
tensely luminous  source.  The  question  then  arises,  how 
are  the  invisible  calorific  rays  to  be  isolated  from  the 
visible  ones? 

The  interposition  of  an  opaqtie  screen  suSices  to  cut 
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off  the  visible  spectrum  of  the  electric  light,  and  leaves  us 
the  invisible  calorific  mys  to  operate  upon  at  our  pleasure. 
Sir  William  Herschel  experimented  thus  when  be  sougbtt 
by  concentrating  them,  to  render  the  invisible  rays  of  the 
sun  visible.  But  to  form  a  spectrum  in  which  the  in- 
visible ruys  shall  be  completely  separated  from  the  visible 
ones,  a  narrow  slit  is  necessary ;  and  this  circumstance 
renders  the  amount  of  heat  separable  by  prismatic  analysis 
very  limited.  If  wo  wish  to  ascertain  what  the  intensely 
concentrated  invisible  rays  can  accomplish,  wo  must 
devise  some  other  mode  of  detaching  them  in  mora  from 
their  visible  companions.  We  must,  in  fact,  discover  a 
subetanoe  which  shall  filter  the  composite  radiation  of  a 
luminous  source  by  stopping  the  visible  rays  and  allowing 
the  invisible  ones  free  Uausmission. 


DIATnEnMANCT   OF   IODINE  ;    FILTBATION    OP    KLCCTIIIC    BEAM. 

The  main  object  of  these  researches  was,  as  already  in- 
timated, to  make  radiant  heat  an  explorer  of  molectdar 
condition,  and  the  marked  difference  between  elementary 
and  compound  bodies  which  the  experiments  reveal  is,  in 
my  estimation,  a  point  destined  to  be  fruitful  in  im- 
portant consequences.  AAer  this  diifereuce  had  come  tt> 
clearly  out  in  the  deportment  of  gases,  liquids  were 
looked  to,  and  the  action  of  such  as  I  was  able  to  examine 
full  in  surprisingly  with  the  previously  obecr\'ed  deportment 
of  gaseous  bodies.  Could  we  obtain  a  black  elementary  body 
thoroughly  homogeneous,  and  with  all  its  parts  in  perfect 
optical  contact,  we  shouhl  probably  find  it  an  effectual 
filter  for  the  radiation  of  the  sun  or  of  the  electric  light 
While  cutting  off  the  visible  radiation,  the  black  element 
would,  probably,  allow  the  invisible  to  pass. 

Thus  I  reasoned.  Now  carbon  in  the  state  of  soot  is 
black,  but  its  parts  aie   not  optically  continuous.    In 
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black  glst£s  the  continuity  is  far  more  perfect,  and  heDce 
the  result,  eatabliahed  by  Melloni,  that  black  glass  possesses 
a  very  sensible  power  of  traaamisision.  Gold  in  ruby  glass, 
or  in  the  state  of  jelly  prepared  by  Mr.  Faraday,  w  exceed- 
ingly transparent  to  the  in\*isible  calorific  rays,  but  it  is 
not  opaque  enough  to  quench  entirely  the  vittible  ones. 
The  densely-brown  liquid  bromine  is  better  suited  to  our 
purpose;  for,  in  thicknesses  sufficient  to  quench  the  light 
of  our  brightest  flames,  this  element  displays  extraordinary 
diathermancy.  Iodine  cannot  be  apphed  in  the  solid 
condition,  but  it  dissolves  freely  in  various  liquids,  the 
solution  in  some  cases  being  intensely  dark.  Here,  bow- 
ever,  the  action  of  the  element  may  be  masked  by  that 
of  iU  solvent.  Iodine,  for  example,  dissolves  freely  in 
alcohol ;  but  alcohol  is  so  destructive  of  the  ultra-red  rays, 
that  it  would  be  entirely  un6t  for  experiments  the  object 
of  which  is  to  retain  these  rays,  while  quenching  the  visible 
ones.  The  same  remark  applies  in  a  greater  or  less  degree 
to  many  other  solvents  of  iodine. 

The  deportment  of  bisidphide  of  carbon,  both  as  a 
vapour  and  a  liquid,  Bup;gested  the  thought  that  it  would 
form  a  most  suitable  solvent.  It  is  extremely  diathermic, 
and  there  is  hardly  another  substance  able  to  hold  so  large 
a  quantity  of  iodine  in  solution.  Experiments  already 
recorded  prove  that,  of  the  rays  emitted  by  a  re<l-hot 
platinum  spiral,  94*5  per  cent,  are  transmitted  by  a  layer 
of  the  liquid  0*02  of  an  inch  in  thickness,  the  transmission 
through  the  layers  0-07  and  0*27  of  an  iuch  thick  being 
87"6  and  82-5  respectively.  Another  experiment  with  a 
layer  of  greater  thickness  will  exhibit  the  deportment  of 
the  transparent  bisulphide  towards  the  far  more  intense 
radiation  of  the  electric  light. 

A  cyliudriciU  cell,  2  inches  in  leugLh  and  2*8  inches 
in  diameter,  with  its  ends  stopped  by  plates  of  perfectly 
transparent  rock-salt,  was  placed  empty  in  front  of  an 
20 
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electric  lamp;  the  radiutioD  £rom  the  lamp,  after  having 
crossed  tliD  cell,  fell  upon  a  thermo-pile,  and  produced  a 
deflection  of 

73*. 

Leaving  the  cell  undisturbed,  the  transparent  bisulphide 
of  carbon  wa£  poured  into  it :  the  deflection  fell  to 

72'. 

A  repetition  of  the  experiment  gave   the   foUowtDg 
results : — 


Through  empty  cell 
Through  buulphide 


DoOeetloB 
.     73 


Taking  the  values  of  these  deflections  from  a  table  of 
calibration  and  calculating  the  tranamiasion,  that  through 
the  empty  cell  being  100,  we  obtain  the  following  re- 
sults : — 

TirnDBBlntoB 
FFom  the  flrat  rxperiment  .  Sl-ft  par  eenU 

From  tho  secoa J  «xp«ruutiit .        .  9i'6       ., 

Meao  .         .     94*8 

Hence  the  introduction  of  the  bisulphide  lowers  the 
transmission  only  from  100  to  94*8.' 

A  perfect  solvent  of  the  iodine  would  be  entirely  neu- 
tral to  the  tot:il  radiation ;  and  the  bisulphide  of  carbon 
is  shown  by  the  foregoing  experiment  to  approach  very 
near  perfection.  We  have  in  it  a  body  capable  of  trans- 
mitting with  little  loss  the  total  radiation  of  the  electric 
light.  Our  object  is  now  to  filter  this  total,  by  the  intro- 
duction into  the  bisulphide  of  a  substance  competent  to 
quench  Uio  visible  and  transmit  the  iuvisible  rays.  That 
iodine  does  this  with  marvellous  sharpness  it  is  now  my 
business  to  prove. 

*  Th«  dimiDQtioo  of  tbo  reflectiou  from  tha  aidei  of  tha  call  by  tha  la- 
tnductioD  of  tha  Unlphide  ii  not  here  takeo  into  neroaBt. 
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A  rock-salt  cell,  6Ued  with  the  tran^pareid  bisulphide 
of  carboD,  was  placed  in  front  of  the  camera  which  con- 
tained the  white-hot  platinum  spiral.  The  transparent 
liquid  was  then  drawn  off  and  its  place  supplied  by  the 
solution  of  iodine.  The  deflections  observed  in  the  respec- 
tive cases  are  aa  follows  ; — 


h 


RAotA-noM  nou  Wnnx-uor  Platihcv. 


Through  trsnspftnniC  liquid 

Through  ojwitu  liquid 

730** 

73-8'' 

730 

72-9 

All  the  luminous  rays  passed  through  the  transparent 
bisulphide,  n^ne  of  them  passed  through  the  solution  of 
iodine.  Still  we  see  what  a  small  effect  is  produced  by 
their  withdrawal.  Tbe  actual  proportion  of  luminous  to 
obscure  rays,  as  calculated  from  tbe  above  observations, 
may  be  thus  expressed ; — 

D^ividing  tfte  radiation  froni  a  pUUinum  wire  raiscul 
to  i)Utmse  ivkiteneas  by  an  electric  current  into  twetdy- 
fowr  equal  parts,  one  of  those  parts  is  lumiiiousj  and 
twenty-tJirce  obscure* 

A  bright  gas-flame  was  substituted  for  the  platinum 
spiral,  the  top  and  bottom  of  the  flame  being  shut  off,  and 
its  most  brilliant  portion  chosen  as  the  source  of  beat. 
Tlie  result  of  forty  experiments  with  this  source  may  be 
thus  expressed ; — 

Dividing  the  radiation  from  thevnoat  brilliant  portion 
of  afla/ine  of  coal  gas  into  twenty-Jive  equal  parts,  one  of 
those  parts  is  luviinous  and  twenty-four  obscure, 

1  next  examined  the  ratio  of  obscure  to  luminous  rays 
in  the  electric  light.  A  battery  of  fifty  cells  was  employed 
and  the  rock-salt  lens  was  used  to  render  tbe  rays  from 
the  carbon-points  parallel.  To  prevent  the  deflection 
from  reaching  an  inconvenient  magnitude,  the  parallel  rays 
were  caused  to  pass  through  a  circular  aperture  0*1  of  an 
inch  in  diameter,  and  were  sent  alternately  through  tbe 
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transparent  bisulpliide  and  the  opaqiie  solution.  It  is  not 
easy  to  obtain  perfect  steadiness  on  the  part  of  the  electric 
light;  but  three  experiments  carefully  executed  gave  the 
following  deflections : 

Raoutkm  rftOH  Elbctuc  Lioht. 

Thfooih  TTarwali 

KxperinMjnt  No.  I.  .        .  .    72*0*  70'0» 

Experiment  No.  U.  .         .         .     76-A  7M> 

Eiporiment  No.  III.        .        .         .     77  5  76*6 

Calculating  from  these  measurements  the  proportion  of 
luminous  to  obscure  heat,  the  result  may  be  thus  ex- 
pressed : — 

Dividing  Uieradialwnfrorti  the  electric  light  produced 
by  a  Grovels  battery  of  fifty  cdU^  into  ten  equal  parts^ 
one  of  those  parts  is  luviinoua  and  nine  obscure. 

The  results  hitherto  obtained  with  various  souices^ 
radiating  through  iodine,  may  be  thus  tabulated  ; — 


RACUTmM  TKBOUOH   DI8SOLTXD  lODUtl. 


AbaorpUofi 

Dark  vpfml     .       .       .       .  o 

Lampblack  nt  212"*  F«hr.         .  0 

Kad-hot  ipirftl  ...  0 

Hydrogeo-flame       ...  0 

OU-euDfl 3 

Oas-flame        .        .        .        .  i 

Wbito-hot  ffptril       .         .         .  4'9 

£l(H!tnc  ligbl,  ....  10 


Subsequent  experiments  with  a  battery  of  fifty  «ell0 
made  the  trauamlRsion  in  the  case  of  the  electric  light  89, 
and  the  absorption  II.  Couaidering  the  transparency  of 
the  iodine  for  heat  emitted  by  all  the  sources  under,  or 
barely  up  to  incandescence,  it  may  be  inferred  that  the 
absorption  uf  1 1  per  cent,  represents  the  calorific  intensity 
of  the  luminous  rays  alone.  By  the  method  of  6ltering, 
therefore,  we  make  the  invisible  radiation  of  the  electric 
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light  about  eight  timea  the  visible.  ComputiDg,by  meana 
of  a  proper  scale,  the  area  of  the  spaces  a  D  c  d,  c  d  x 
(fig.  113),  the  former,  which  represents  the  ia\T8ible 
emission,  is  found  to  bo  7'7  times  the  latter.  Prismatic 
analysis,  therefore,  and  the  method  of  filtering  yield  almost 
exactly  the  same  result. 

It  is  plain  from  the  description  of  the  experiments  that 
the  foregoing  results  refer  to  the  action  of  the  iodine  dis- 
solved in  the  bisulphide  of  carbon.  The  transmission  of 
100,  for  example,  does  not  indicate  that  the  solution  itself, 
but  that  the  iodine  in  the  solution,  is  perfectly  diathermic 
to  the  radiation  from  the  first  four  sources. 


ACTION   or   XNVISIBLB   RATS   BETACnEI)    BY    FILTBAnON. 

Having  thus,  in  the  solution  of  iodine,  found  a  means 
of  almost  perfectly  dcUcliing  the  obscure  from  the  lumin- 
ous rays  of  the  electric  light,  we  are  able  to  operate  at  will 
upon  the  former.  I  place  a  rock  salt  lens  in  the  camera 
and  focus  it  bo  as  to  form  a  very  small  image  of  tlia 
carbon-points.  A  battery  of  fifty  cells  being  employed, 
the  track  of  the  cone  of  rays  emergent  from  the  lamp  is 
plainly  seen  in  the  air,  and  their  point  of  convergence 
therefore  easily  fixed.  Fixing  the  cell  containing  the 
opaque  solution  in  front  of  the  lamp,  the  luminous  cone  ia 
entirely  cut  off,  but  the  intolerable  temperature  of  the 
fociw,  when  the  hand  is  placed  there,  shows  that  the 
calori6c  rays  are  still  transmitted.  Placing  successively 
in  the  dark  focus  thin  plates  of  tin  and  zinc,  they  are 
speedily  fa^^erl ;  raatches  are  ignited,  gun-cotton  is  exploded, 
and  brown  paper  set  on  fire.  With  a  battery  of  sixty  of 
Grove's  cells,  all  these  results  are  readily  obtained  with 
the  ordinary  glass  lenses  of  Duboscq*a  electric  lamp. 
It  is  extremely  interesting  to  observe  in  the  air  of  a 
perfectly   dark   room  a  piece  of  black  paper  suddenly 
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pierced  by  the  invisible  njt»  and  the  baming  riog  ex- 
panding on  all  ddea  from  the  centre  of  ignitioiL* 

From  the  setting  of  paper  on  fire  and  the  fusion  of 
non-refractory  metaU  to  the  rendering  of  refractory  bodiefl 
incandescent  by  the  invisible  rays,  the  step  was  immediate 
and  inevitable.  And  here  the  inquiry  derived  a  stimulus 
from  the  fact,  that  on  theoretic  grounds  some  eminent 
men  doubted  whether  iucandescence  by  invisible  niys  was 
possible.  A  moment's  reflection  will  make  plain  to  you 
that  the  succei^  of  the  experiment  involved  a  changt  of 
period  on  the  part  of  the  calorific  waves.  For  if  without 
the  aid  of  combustion,  waves  of  too  slow  a  recurrence  to 
excite  the  sense  of  vision  were  to  render  a  refractory  body 
luminou!!,  it  could  only  be  by  compelling  the  molecules 
of  that  body  to  vibrate  more  rapidly  than  the  waves 
which  fell  upon  them.  Whether  this  change  of  period 
could  be  elfected  had  been  for  a  long  lime  considered 
doubtful. 

A  few  preliminary  experiments  with  platinum-foil, 
which  resulted  in  failure,  raised  the  question  whether,  even 
with  the  total  radiation  of  the  electric  light,  it  would  be 
possible  to  obtain  incandescence  without  combustion.  Aban- 
doning the  use  of  leases  altogether,  a  thin  leaf  of  platinum 
was  caused  to  approach  the  iguited  carbon-points.  It 
was  observed  by  myself  from  behind,  while  my  assistant 
stood  beside  the  lamp,  and,  looking  through  a  dark  glass, 
marked  the  distance  between  the  platinum-foil  and  the 
electric  light.  At  half  an  inch  from  the  carbon-points  the 
metal  became  red-hot.  The  problem  now  before  me  was  to 
obtain,  at  a  greater  distance,  a  focus  of  rays  which  should 
poasess  a  heating-power  equal  to  that  of  the  direct  rays  at 
a  distance  of  half  an  inch. 


'  Tlio  tnteusitj  of  tho  ioTisiblo  foci  olitaiaed  hy  Gllering  Lhe  ela 
benm  b^  diMolred  iodine  wua  dnil  showo  to  mj  locturu  la  the  sprli^  i 
2662,  and  vary  fretjaontly  AfUrwarda 
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Iq  the  first  attempt  the  direct  rays  were  utilised  as 
much  as  poesiblc.  A  piece  of  platin\im-foiI  wns  placed  at  a 
distaDce  of  an  inch  from  the  carboD-points,  there  receiving 
the  direct  mdiation.  The  rays  emitted  hachtJards  from 
the  points  were  at  the  same  time  converged  by  a  small 
mirror  upon  the  foil,  and  were  found  more  than  sufficient 
to  compensate  for  the  diminution  of  intensity  due  to  with- 
drawal of  the  foil  to  the  distance  of  an  inch.  By  the  same 
method,  incandescence  was  sul>scqncntly  obtained  when 
the  foil  was  removed  to  a  distance  of  two  and  three  inches 
from  the  carl>on -points. 

This  latter  interval  enabled  me  to  introduce  between  the 
focus  and  the  source  of  rays  a  cell  containing  a  solution  of 
iodine.  The  dark  rays  transmitted  were  found  sufficient 
to  in/tame  paper,  and  to  raise  platinum-foil  to  incan- 
descence, 

Tlie  experiments,  however,  were  not  unattended  witJi 
danger.  The  bisulphide  of  carbon  is  extremely  inflam- 
mable; and  on  the  2nd  of  November,  1864,  while  employing 
a  very  powerful  battery  and  iutcnsely-heated  carbon-points, 
the  Bubtitance  took  fire,  and  instantly  enveloped  the  electric 
lamp  and  all  its  appurtenances  in  flame.  Happily  the  pre- 
caution bad  been  taken  of  placing  the  entire  app.iratus  in 
a  Hat  vessel  containing  water,  iuto  which  the  flaming  mass 
was  summarily  overturned.  The  bisulphide  of  carbon 
being  heavier  than  the  water,  sank  to  the  bottom,  so  tliat 
the  flames  were  speedily  extinguished.  Similar  accidents 
occurred  twice  subsequently. 

Such  occurrences  caused  me  to  seek  earnestly  for  a 
substitute  for  the  bisulphide.  Pure  chloroform,  though 
not  so  diathermic,  transmits  the  invisible  rays  pretty 
copiously,  and  it  freely  dissolves  iodine.  In  layers  of  the 
thickness  employed,  however,  the  solution  was  not  suffi- 
ciently opaque ;  and  its  absorptive  power  enfeebled  the 
efiecls.     The  same  remark  applies  to  the  iodides  of  me- 
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thyl  and  ethyl,  to  benzol,  acetic  ether,  and  other  suh- 
stAnces.  They  all  distiulvc  iodine,  but  they  weaken  the 
results  by  their  action  on  the  dark  rays. 

Special  cella  were  then  constructed  with  a  view  to  em- 
ploying the  element  bromine  and  chloride  of  gulphur. 
Neither  of  these  substances  is  inflammable ;  but  they  are 
both  intensely  corrosive,  and  their  action  upon  tlie  Um^ 
and  eyes  was  so  irritating  as  to  render  their  employment 
impracticable.  With  both  liquids,  however,  powerful 
effects  were  obtained;  still  their  diathermancy  did  nnt 
come  up  to  that  of  the  dissolved  iodine.  Bichloride  of 
carbon  would  be  invaluable  if  itfi  solvent  power  were  equal 
to  tliat  of  the  bisulphide.  It  is  not  at  all  inflammable, 
and  its  own  diathermancy  appears  equal  to  that  of  the 
bisulphide.  But  in  reasonable  thicknesses  the  iodiae 
which  it  can  dissolve  is  not  sufficient  to  render  the  filter 
perfectly  opaque.  I'he  solution  forms  a  purple  colour  of 
exquisite  beauty ;  and  though  unsuited  to  strict  crucial 
experiments  on  dark  rays,  this  61ter  may  be  employed 
with  excellent  effect  in  class  experiments. 

Thus  foiled  in  my  attempts  to  obtain  a  solvent  equally 
good  as,  and  less  dangerous  than,  the  bisulphide  of  car- 
bon, I  sought  to  refluce  the  danger  of  employing  it  to  a 
minimum.  A  tin  camera  was  constructed,  within  which 
wore  placed  both  the  lamp  and  its  converging  mirror. 
Through  an  aperture  in  frout,  2|  inches  wide^  the  cone  of 
reflected  rays  issuod,  forming  a  focus  outride  the  camera. 
Underneath  this  apert,uro  was  riveted  a  stage,  on  whi^h  the 
solution  of  imline  rested,  thus  closing  the  aperture  and 
cutting  off  all  the  ligl.t.  At  first  nothing  intervened  be- 
tween the  cell  and  the  carbon-points ;  but  the  pnril  of  thus 
exposing  the  bisulphide  cnu:iod  me  to  make  the  foUov 
changes.  A  perfectly  transparent  plate  of  rook-ealtj' 
secured  in  a  proper  cap,  was  employed  to  close  the  aperture ; 
and  by  it  all  direct  communication  between  the  soli 
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and  the  incandescent  carbons  was  cut  ofT. '  To  keep  the 
camera  cool  the  aperture  was  surrounded  by  an  annular 
space,  about  2J  incbea  wide  and  a  quiirter  of  an  inch  deep, 
through  which  cold  water  was  caused  to  circulate.  The 
cell  containing  the  solution  was  surrounded  by  a  jacket, 
and  the  current  of  water  having  completed  its  course 
round  the  aperture,  passed  round  the  cell.  Thus  the 
apparatus  was  kept  cold.  The  neck  of  the  cell  was  stopped 
by  a  closely-fitting  cork ;  through  this  passed  a  piece  of 
glass  tubing,  which,  when  the  cell  was  placed  upon  its 
stage,  ended  at  a  considerable  height  above  the  focus. 
Experiments  on  combustion  might  therefore  be  carried  on 
at  the  focus  without  fear  of  igniting  the  vapour  which, 
even  under  the  improved  conditions,  might  escape  from 
the  bisulphide  of  cartwn. 

The  arrangement  will  be  at  once  understood  by 
reference  to  figi«.  1 14  and  1 15,  which  show  the  camera,  lamp, 
id  filter  both  from  the  side  and  from  the  front,  x  y^ 
fig.  114,18  the  mirror,  from  which  the  reflected  cune  of 
rayM  passes,  first,  through  the  rock-salt  window,  and  after- 
wards through  the  iodine  filter  ttv  ru  The  rays  converge 
to  the  fix^ua  A",  where  they  would  fonn  an  invisible  image 
of  the  lower  carbon-point ;  the  image  of  the  upper  wotild 
be  Ibrown  below  L  Both  images  sjpring  vividly  forth 
when  a  leaf  of  platinUed  ptatmum  is  exposed  at  the 
focus*  At  8  e,  figs.  1 14  and  1 15,  is  shown,  in  section,  and 
in  plan,  the  annular  space  in  which  the  cold  water  circulate. 

With  this  arrangement,  and  a  battery  of  fifty  cells, 
the  following  results  were  obtained  : — 

A  piece  of  silver  leaf,  taniiahed  by  exposure  to  the  fumes 
of  sulphide  of  ammonium,  and  fastened  to  a  wire  ring, 
when  bold  in  the  dark  focus,  was  raii?ed  to  vivid  redness. 

'  WHh  care  it  is  piouibic  to  work  vccurelj  witiiout  tiits  pUts  of  rock- 
salt.    I  never  nako  lUM  of  U  no*. 
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Copp<^r-1eaf  tamiijhed  in  a  similar  manner,  when 
placed  ui  the  fucus,  wafi  raised  to  redDe8& 

A  piece  of  platinised  platinnm-fbil  vraA  supported 
in  an  exhausted  receiver,  the  vessel  bein^  so  placed  that 
the  fi)cus  of  iiivisihle  raya  full  upon  the  platinum.  The 
heat  of  the  focuB  was  instantly  converted  into  light,  a 


Fw.  124. 


FiQ.  115. 


L'iearly-dcfined  image  of  the  points  being  stamped  upon 
the  metal.  Fig.  116  represents  the  thermograph  of  the 
carbons. 

Blackened  paper  was  now  substituted  for  the  platinum 
in  the  exhauste<I  receiver.  Placed  at  the  focus  of  in- 
visible rajfl,  the  paper  was  instantly  pierced,  and  a  cloud 
of  smoke  fell  like  a  cascade  to  the  bottom  of  the  receivpT. 
The  paper  seemed  to  bum  without  incandescence.     Here 
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also  a  thermograph  of  the  carhnn-pointB  waB  stamped  out. 
Wbeo  black  paper  is  placed  at  the  focus,  the  thermal  image 
being  well  defined,  it  is  always  pierced  in  two  points, 
answering  to  the  images  of  the  two  carbons.  The  superior 
heat  of  the  positive  carbon  is  sliown  by  the  fact  that  its 
rays  firiit  pierce  the  paper,  burning  out  a  large  space  and 
showing  it«  peculiar  crater-like  top,  while  the  negative 
oarboQ  usually  pierces  a  small  hole. 

I'w.  116. 


Paper  reddened  by  ilie  iodide  of  mercury  had  ita 
colour  discharged  at  the  places  on  wliich  the  invisible 
ixxiage  of  the  carbon-points  fell  upon  it,  though  not  with 
the  expected  promptness. 

Disks  of  paper  carbonised  by  diflerent  processes  were 
raised  to  brilliant  incandescence,  both  in  the  air  and  in 
an  exhausted  receiver. 

In  these  earlier  experiments  an  apparatus  was  em- 
ployed which  had  been  constructed  for  other  purposes. 
The  mirror,  for  example,  was  one  detached  from  a  Duboscq's 
camera ;  it  was  fir.st  silvered  at  the  back,  but  afterwards 
silvered  in  front.  The  cell  employed  for  the  iodine  solu- 
tion was  also  that  which  usually  accompanies  Duboecq'fl 
lamp,  being  intended  by  its  maker  for  a  solution  of  alum. 
Ita  sides  are  of  good  white  glass,  the  width  from  side  to 
side  being  1*2  inch. 
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EXTOSURE   OF   TOE   BTB   TO    X5VISIBLB   RAT«. 

A  point  of  considerable  theoretic  importance  w&a 
mvolved  in  these  experinaents.  In  his  excellent  researches 
on  fluorescence,  Professor  Stokes  had  invariably  foimd  Uie 
refrangibility  of  the  incident  light  to  be  lowered.  This 
rule  waa  ho  con.^tant  as  almost  to  enforce  the  conviction 
that  it  was  a  law  of  nature.  But  if  the  rays  which  in  the 
foregoing  experiments  raised  platinum  and  gold  and  silver 
to  a  red  heat  were  wholly  ultra-rcfl,  the  rendering  vL^ible 
of  the  metallic  films  would  be  an  instance  of  raUed  re- 
frangihility. 

And  here  I  thoaghtit  desirable  to  make  sure  that  no 
trace  of  visible  radiation  pa^ed  through  the  bolution, 
and  aUo  that  the  invisible  radiation  yma  exclusively  ultra- 
red. 

Thid  latter  condition  might  seem  to  be  unnecessary, 
Ijecause  the  calorific  action  of  the  ultra-violet  ray«  is  so 
exceedingly  feeble  (in  fact  it  is  immeasurably  small)  that, 
even  supposing  them  to  reach  the  platinum,  their  heating 
power  would  be  an  utterly  vunishing  quantity.  Still  the 
exclusion  of  all  rays  of  high  refrangibility  was  neoessaiy 
to  the  complete  solution  of  the  problem.  Hence,  though 
the  iodine  employed  in  the  foregoing  experiments  was 
sufficient  to  cut  off  the  light  of  the  sun  at  noon,  I  wished 
to  submit  its  opacity  to  a  severer  test.  The  following 
experiments  were  accordingly  executed. 

The  rays  from  the  electric  lamp  being  duly  converged 
by  the  mirror,  the  iodine-cell  was  placed  in  the  path  of 
the  convergent  beam,  its  light  Iwing  thereby  to  all  appear- 
ance totally  intercepted.  With  a  piece  of  platinum-foil 
the  focus  was  found  and  marked,  and  a  cell  contaiuiug  a 
solution  of  alum  was  then  placed  between  the  focus  and 
the  iodine-cell.     The  alum  solution  diminished  materially 
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the  invisible  radiation,  but  it  wae  without  sensible  influence 
upon  the  visible  rays. 

AH  stray  light  issuing  from  the  crevices  in  the  lamp 
being  cut  otf,  and  the  daylight  al^o  being  excluded  from 
the  room,  the  eye  was  caused  slowly  to  approach  the 
focus.  On  reaching  it,  a  singular  appearance  presented 
itself.  The  incandescent  carbon-points  of  the  lamp  were 
seen  black,  projected  on  a  deep-red  ground.  Their 
motions  could  be  followed,  and  when  brought  into  con- 
tact., a  white  space  was  seen  at  the  extremities  of  the 
points,  nppeAring  to  separate  them.  The  points  were  seen 
erect-  By  careful  observation  the  whole  of  tlie  points 
could  be  observed,  and  even  the  holders  which  supported 
them.  The  black  appearance  of  the  incandescent  portion 
of  the  points  was  here  only  rdative  ;  they  appeared  dark 
because  they  intercepted  more  of  the  light  reflected  from 
the  mirror  liehind  than  tliey  could  make  good  by  their 
tlirect  emission. 

The  solution  of  iodine,  I '2  inch  in  thickness,  proving 
thus  unequal  to  the  test  applied  to  it,  I  had  two  other 
cells  constructed — the  one  with  transparent  rock-salt 
sides,  the  other  with  gliLss  ones.  The  width  of  the  former 
was  2  inches,  that  of  the  latter  nearly  2^  inches.  Filled 
with  the  solution  of  iodine,  these  cells  were  placed  ui 
succession  in  front  of  the  camera,  and  the  concentrated 
beam  was  sent  through  them.  Determining  the  focus  as 
before,  and  afterwards  introducing  the  alum-cell,  the  eye 
on  being  brought  up  to  the  focus  received  no  impression 
of  light. 

The  alum-cell  was  then  abandoned,  and  the  un- 
defended eye  was  caused  to  approach  the  focus:  the  heat^ 
was  intolerable,  but  it  seemed  to  affect  the  eyelids  and  not 
the  eye  itself.  An  aperture  somewhat  larger  than  the  pupil 
being  made  in  a  metal  screen,  the  eye  was  placed  behind 
it,  and  brought  slowly  and  cautiously  up  to  the  focus. 
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The  coQceotrated  beam  entered  the  ptipU ;  but  no  im- 
pression of  light  was  produced,  nor  was  the  retina  sensibly 
affected  by  the  heat.  The  eye  was  then  withdrawn,  and 
a  plate  of  platinised  platinum  was  placed  in  the  pofiition 
occupied  by  the  retina  a  moment  before.  It  instantly  rose 
to  vivid  redness.*  The  failure  to  obtain,  with  the  most, 
sensitive  media,  the  slightest  evidence  of  fluorescence  at 
the  obscure  focus,  proved  the  invisible  rajs  to  be  ex- 
clusively ultra-red.  It  will  be  subsequently  shown  that  a 
considerable  portion  of  these  rays  actually  reached  the 
retina. 

TBANSMUTAnON    OP  fiATS,   CAIX)RE9C£1IC3L 

When  intense  cfifccts  are  sought,  we  collect  as  many  of 
the  invittible  raya  as  poBaible,  and  concentrate  them  on  the 
smallest  possible  space.  The  nearer  the  mirror  is  to  the 
source  of  rays,  the  more  of  these  rays  will  it  intercept  and 
reflect,  and  the  nearer  the  focus  is  to  the  same  source,  the 
bmallor  will  the  image  be.  To  secure  proximity  both  of 
focus  and  mirror,  the  lat^r  must  be  of  short  focal  length. 
If  a  mirror  of  long  focal  length  be  employed,  its  distance 
from  the  source  of  rays  must  be  considerable  to  bring  the 
focus  near  the  source,  but  when  placed  thus  at  a  distance, 
a  great  nura>>er  of  rays  escape  the  mirror  altogether.  If, 
on  the  other  hand,  the  mirror  bo  too  deep,  spherical 
alrerration  comes  into  play  ;  and  though  a  vast  quantity  of 
rays  may  be  collected,  their  convergence  at  the  focus  is  im- 
perfect. To  determine  the  best  form  of  mirror,  three 
were  constructed :  the  first  4*1  inches  in  diameter, 
and  of  1*4  inch  focal  length;  the  second  7*9  inches  in 
diameter,  and  of  3  inches  focal  length  ;  the  third  9  inches 
in  diameter,  with  a  focal  length  of  6  inches.  Fractures 
caused  by  imperfect  annealing  repeatedly  occurred ;  but 
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at  length  I  was  80  fortunate  as  to  obtain  the  three  mirror? 
each  without  a  flaw.  The  most  convenient  distance  of  the 
focits  from  the  source  was  found  to  be  about  5  inches  * 
and  the  position  of  the  mirror  ou^ht  to  bo  arran|;;ed 
accordingly.  This  distance  permits  of  the  introduction  of 
an  iodine-reU  of  sufficient  vidth,  while  the  heat  at  the 
focus  is  exceedingly  powerful. 

And  now  with  this  improved  apparatus  I  will  run 
through  my  principal  experiments  on  invisible  beat-rays. 
The  dense  volumes  of  smoke  which  rise  from  a  blackened 
block  of  wood  when  it  is  placed  in  the  dark  focus  are  \ery 
striking :  matches  are  at  once  ignited,  aud  gunpowder 
instantly  exploded.  Dry  paper  hursts  into  flame.  Chips 
of  wood  are  also  inflamed :  the  dry  wood  of  a  hat-box  is 
very  suitable  for  this  experiment.  When  a  sheet  of  browu 
paper  is  placed  a  little  beyond  the  focu.s  it  is  first  brought 
to  vivid  incandescence  over  a  large  space;  the  paper  then 
yields,  and  the  combuiftion  propagates  itself  as  a  burning 
rin^  round  the  centre  of  ignition.  Charcoal  is  made  an 
ember  at  the  focus,  and  disks  of  charred  paper  glow  with 
extreme  vividness.  When  blackened  zinc  foil  is  placed 
at  the  focus  it  bursts  into  flame ;  and  by  slowly  moving 
the  foil  about,  its  ignition  may  be  kept  up  till  the  whole 
of  it  is  consumed.  Magnesium  wire,  flattenc<l  at  the  end 
and  blackened,  also  bursts  into  vivid  combustion.  A  cigar 
of  course  is  iuetantly  lighted.  The  bodies  experimented 
on  may  be  enclosed  in  glass  receivers ;  the  concentrated 
obscure  rays  will  bum  them  af^er  having  crossed  the  glass. 
This  glass  jar,  for  example,  contains  oxygen  ;  and  in  the 
oxygen  by  means  of  a  suitable  holder  is  plunged  a  bit 
of  charcoal  bark.  When  the  dark  rays  are  concentrated 
npon  the  charcoal  it  instantly  throws  out  showers  of 
ecintillations. 

In  all  these  cases  the  body  exposed  to  the  action  of  the 
invisible  rays  was  more  or  less  combustible.     It  was  Brst 
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heated  and  then  exposed  to  the  attack  of  oxygen.  The 
vividness  observed  was  lu  part  due  to  combustion,  and  does 
not  fiimish  a  concliwive  proof  that  the  refrangibilitj  of  the 
incident  rays  was  elevated.  This,  however,  ia  effected  by 
exposing  non-combuHtible  bodies  at  the  focus,  or  by  en- 
closing combustible  ones  in  a  space  devoid  of  oxygen. 
Both  in  air  and  in  vcumo  platinised  platinum-foil  has 
been  repeatedly  raised  to  a  white  heat  The  same  result 
has  been  obtained  with  a  sheet  of  charcoal  or  coke  sus- 
l)ended  in  vamio*  Now  the  waves  from  winch  this  light 
was  extracted  had  neither  the  virible  nor  the  ultra-violet 
rays  commingled  with  them ;  they  were  exclusively  ultra- 
rei  The  action,  therefore,  of  the  atoms  of  platinum, 
copper,  silver,  and  carbon  upon  these  rays  transmute 
them  from  heat-rays  into  light-rays,  Tliey  impinge  upon 
these  atoms  at  a  certain  rate  ;  they  return  from  them  at 
a  quicker  rate,  the  invisible  being  thiia  rendered  visible. 

On  looking  at  the  white-hot  platinum  through  a  prism  of 
transparent  bisulphide  of  carbon,  a  rich  and  vivid  spectnini 
itt  seen  to  be  extracted  from  the  darkness. 

To  express  this  transmutation  of  beat-rays  into  others 
of  higher  refrangibility,  I  propoee  the  term  cahrescence. 
It  harmonises  well  with  the  term  '  fluorescence*  introduced 
by  Professor  Stokes,  and  is  also  suggestive  of  the  character 
of  the  effects  to  which  it  is  applied.  The  phrase  ^  trans- 
mutation of  rays,*  introduced  by  Professor  Cballis,  oover* 
both  classes  of  effects.' 

I  have  sought  to  fuse  platinum  with  the  invisible  rays 
of  the  electric  light,  but  hitherto  without  success.  In 
some  experiments  a  large  model  of  FoucauU's  lamp  was 
employed,  with  a  battery  of  100  cells.  In  other  experi- 
ments two  batteries  were  employed,  one  of  100  cells  and 
one  of  70,  making  use  of  two  lamps,  two  mirrors,  and  two 
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filters,  and  converging  the  heat  of  both  lampe  in  opposite 
directions  upon  the  same  point.  When  a  leaf  of  platinum 
was  placed  at  the  common  focus,  the  converged  beams 
struck  it  at  opposite  sides,  and  raised  it  to  dazzling  white- 
ness. I  am  persuaded  that  the  metal  could  be  fused,  if  the 
platinum-black  upon  its  surface  could  be  retained.  But 
this  was  immediately  dissipated  by  the  intense  heat,  and 
the  reflecting  power  of  the  metal  coming  into  play,  the  ab- 
sorption was  so  much  lowered  that  fusion  was  not  effected. 
By  coating  the  platinum  with  lampblack  it  has  been 
brought  to  the  verge  of  fusion,  the  incipient  yielding  of 
the  ma.ss  bt;ing  perfectly  apparent  after  it  had  cooled. 
Here,  however,  as  in  the  case  of  platinised  platinum,  the 
absorbing  substance  disappears  too  quickly.  CoppeT  and 
aluminium,  however,  when  thus  treated,  are  speedily  burnt 
up. 

The  thermal  isolation  of  the  luminiferons  ether  from 
the  air  is  strikingly  illustrated  by  these  esperiments.  The 
air  ab  the  focus  may  be  of  a  freezing  temperature,  while  the 
etber  possesses  an  amount  of  Iioat  comp<^tcnt,  if  absorbed, 
to  impart  to  that  air  the  tempemture  of  flame.  An  air- 
thermometer  ia  unaffected  where  platinum  is  raised  to  a 
white  heat 


EITEItlMZNTAL    ADBANGEMENTS. 

Arrangements  have  already  been  de*cril>ed  with  a 
view  of  avoiding  the  danger  incidental  to  the  use  of 
so  inflammable  a  substance  as  the  bisulphide  of  carbon. 
I  have  thought  of  accomplishing  this  end  by  simpler 
means,  and  thus  facilitating  the  repetition  of  the  experi- 
ments. The  arrangement  now  before  you,  fig.  117,  may 
be  adopted  with  safety. 

A  0  C  D  is  an  outline  of  the  camera. 

£B  y  the  silvered  mirror  within  it. 
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e  the  c.irt>on-point8  of  the  electric  ligbL 

op  the  aporture  in  front  of  the  camera,  through  which 
iMbues  the  beam  reBected  by  the  mirror  x  y, 

Ijct  the  distance  uf  the  mirror  from  the  iairbon-point« 
be  such  as  to  render  the  reflecttxl  l»eam  elightlj  convergent. 
Fill  a  glass  flask  F  with  the  solution  of  iodine,  and  place 
it  in  the  path  of  the  reflected  beam  at  a  safe  distance  from 
the  lamp.  The  fla6k  acts  as  a  lens  and  filter  at  the  samo 
time,  the  light  ntys  are  intercept«d,  and  the  dark  heat- 
rays  are  powerftdlj  converged.     At  the  focus  formed  a 
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little  beyond  the  flask  combustion  and  calorescence  mi 
be  produced.     Flasks  with  diameters  from  1^  to  3  inchet^ 

well  suited  for  the  cxpcrimcnte. 

By  the  arnLiigciDcnt  here  described,  I  have  raiaed 
platinum  to  rcduess  at  a  dark  focus  22  feet  distant  from 
the  source  of  the  rays. 

The  best  mirror,  however,  scatters  the  rays  more  or 
less;  and  by  such  scattering,  the  beam  at  a  great  distance 
from  the  lamp  becomes  much  enfeebled.  The  etifect  h 
therefore  intensified  when  the  beam  is  caused  to  pass 
through  a  tube,  polished  within,  which  prevents  the  lateral 
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waste  of  radiant  heat.  Such  a  tube,  placed  in  front  of  the 
cameni,  is  represented  at  a  b,  fig.  118.  The  flask  may  he 
held  against  its  end  hy  the  hand,  or  it  may  be  permanently 


p 

Ao.  iia 

..Pr' 

1. 

k 

L         TflA                                                                        ■"      ^1 

^    ^r^^S  . .                                          ^~^l 

yr^, 

r 

b 

fix*»d  there.     With  a  battery  of  fifty  cells,  platiuum  may 
hff  raised  to  a  white  heat  at  the  focus  of  the  flask. 

Again  let  a   lens  of  glass  or  rock-salt  (Uy  fig.    119), 
^•5  inches  wide,  and  having  a  focal  length  of  3  inches,  be 
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placed  in  the  path  of  the  reflected  parallel  beam.  The  rays 
are  cooverged;  and  at  their  point  of  convergence  all  the 
effects  of  caloreaoenoe  and  combustion  may  be  obtained,  the 
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lumiuous  rays  being  cut  off  by  a  cell  tn  n^  with  plane 
glass  sides  and  containing  the  opaque  solution. 

Finally,  the  arrangement  shown  in  fig.  120  may  be 
adopted.  The  beam  reflected  by  the  mirror  within  the 
camera  is  received  and  converged  by  a  second  mirror  xf  y'. 
At  the  point  of  convergence,  which  may  be  several  feet 

Fia.  130. 


from  the  camera,  all  the  effects  hitherto  describtsl  may  be 
obtained,' 


Thus  far  I  have  dealt  exclusively  with  the  invisihlp 
radiation  of  the  electric  light ;  but  all  solid  bodies  raised 
to  iucandcEccnce  emit  these  invisible  calorific  rays.  The 
donser  the  incandescent  body,  moreover,  the  more  power- 
ful is  its  obscure  mdiation.  We  possess  at  the  Royid 
Institution  very  dense  cylinders  of  lime  for  (he  production 
of  the  Drummond  light ;  and  when  a  copious  oxyhydri»- 
gen-flamc  is  projected  against  one  of  them  it  shines  with 
an  intense  yellowit*h  light,  while  the  obscure  rHcliation  is 
eicecdingly  powerful.  Filtering  the  latter  from  the  total 
emission  by  the  solution  of  iodine,  combustion  and  calor- 

'  X   &eqtie&Ujr    cnplo/    UuM    Bulhcd    of  axperimeat.      It    ti    ror^ 
efTectirA. 
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escence  may  be  obtained  at  the  focus  uf  the  invisible  rays. 
Ilie  light  obtained  by  projecting  the  oxyhydrogen-flame 
upon  comprestfed  magnesia,  after  the  manner  of  Signer 
Carlevorifi,  is  whiter  than  that  emitted  by  otu*  lime  ;  but 
the  suWance  being  light  aud  spongy,  its  obscure  radiation 
ia  surpassed  by  that  of  our  more  solid  cylinders. 

The  invisible  rays  of  the  sun  have  also  been  tran;t- 
muted.  A  concave  mirror,  three  feet  in  diameter,  was 
mounted  on  the  roof  of  the  Koyal  School  of  Mines  in 
Jermyn  Street.     The  focus  was  formed  in  a  darkened 
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chamber,  in  which  the  platinised  platinum-foil  was  exposed. 
Cutting  off  the  visible  rays  by  the  solution  of  iodine,  feeble 
but  distinct  incandescence  was  there  produced  by  the  in- 
visible rays. 

To  obtain  a  clearer  sky,  this  mirror  was  transferred  to 
the  garden  of  a  friend  near  Chi^lehurst.  A  blackened  tin 
tube  (a  p,  fig.  1 21;  with  square  cross  section  had  one  end 
open,  while  at  the  other  was  fixed  a  plane  mirror  (x  y), 
forming  an  angle  of  45°  with  the  axis  of  the  tube.  A 
lateral  aperture  (x  o),  about  two  inches  square,  was  cut  out 
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in  front  of  the  mirror.  Over  this  aperture  wh«  placed^ 
leaf  of  platinised  platinum.  Turning  tlie  leaf  to? 
the  concave  mirror,  the  concentrated  sunbeams  were  per- 
mitted to  fall  xipon  it.  In  the  full  glare  of  dajlight  it 
was  quite  impossible  to  see  whether  the  platinum  vras  in- 
candescent or  not ;  but  placing  the  eye  at  B,  the  glow  of 
the  platinum  could  Ik;  seen  by  reflection  from  the  plane 
mirror.  Incandescence  was  thus  obtained  at  the  focus  of 
the  large  mirror,  x,  T,  after  the  removal  of  the  visible 
rays  by  the  iodine  solution,  m  nJ 

The  effects  obtained  with  the  total  solar  radiation  were 
extraordinary.  Lai^  spaces  of  the  platinum-leaf,  and 
even  thick  foil,  when  exposed  at  the  focus,  disappeared  as 
if  vaporised.  The  handle  of  a  pitchfork,  umtlurly  exposed, 
was  soon  burnt  quite  across.  Paper  placed  at  the  focus 
burst  into  flame  with  almost  explosive  suddenness.  The 
high  ratio  which  the  visible  radiation  of  the  sun  bears  to 
the  invisible  was  strikingly  manifested  in  these  experi- 
ments. With  a  total  radiation  vastly  inferior,  the  invisible 
rays  of  the  electric  light,  or  of  the  lime-light,  raised  plati- 
num to  whiteness,  while,  when  the  visible  constituents  of 
the  concentrated  sunbeam  were  intercepted,  the  most  that 
could  be  obtained  from  the  dark  rays  was  a  bright  red- 
heat.  The  heat  of  the  solar  luminous  rays,  moreover,  is  so 
great  as  to  render  it  exceedingly  di65cult  to  experiment 
with  the  solution  of  iodine.  It  boiled  up  incessantly, 
exposure  for  two  or  three  seconds  being  sufficient  to  raise 
it  to  ebullition.  This  high  ratio  of  the  luminous  to  the 
non-luminous  radiation,  is  doubtless  to  be  ascribed  in  part 
to  the  alisorptioa  of  a  large  portion  of  the  latter  by  the 
aqueous  vapour  of  the  air.  From  it,  however,  may  also  be 
iufcrred  the  enormous  temperature  of  the  sun. 

Converging  the  sun's  rays  with  a  hollow  lens  filled  with 

'  Experimeot*  od  Uw  ion  luU  Uon  prvvioutl/,  but  uniufiOMifullj.  kt- 
t«>nipUd  by  oih«xa. 


uor.  XT. 


BPPECT  OP  COLOUR. 


460 


the  solution  of  iodine,  incandescence  wa^  obtained  at 
the  invisihle  focufi  of  the  lens  on  the  roof  of  the  Uojal 
Institution. 

Knowing  the  permeability  of  good  glass  to  the  solar 
raya,  I  requested  Mr.  Mayall  to  permit  me  to  make  a  few 
expeiimentfi  with  hia  fine  photographic  lens  at  Bngliton. 
Though  exceedingly  busy  at  the  time,  he  in  the  kindest 
manner  abandoned  to  my  assistant  the  use  of  his  apparatus 
for  the  tlu:ee  best  hours  of  a  bright  summer  b  day.  A  red 
heat  was  obtained  at  the  focus  of  the  lens  after  the  com- 
plete withdrawal  of  the  luminous  portion  of  the  radiation. 


Black  paper  has  been  very  frequently  employed  in  the 
foregoing  eiperimeuts,  the  action  of  the  invisible  rays 
upon  it  being  most  energetic.  This  suggests  that  the 
absorption  of  the  dark  rays  is  not  independent  of  colour. 
A  red  powder  is  red  because  of  the  entrance  and  absorption 
of  nil  luminous  rays  of  higher  refrangibility  than  the  red, 
and  the  ejection  of  the  unabsorbed  red  light  by  reflection 
at  tlie  limiting  surfaces  of  the  particles  of  the  red  body. 
Tliid  ffeblencAS  of  absorption  extends  in  many  cases  to  the 
obscure  rays  beyond  the  red  ;  and  the  conseqiienoe  ii  that 
red  paper  when  eiposed  at  the  focus  of  in\  isible  rays  is 
oftnn  scarcely  charred,  while  block  paper  bursts  in  a 
moment  into  flame.  The  following  table  exhibits  the  con- 
dition of  paper  of  various  kinds  when  exposed  at  the  dark 
focus  of  an  electric  light  of  moderate  intensity  ; — 


Oloxcd  onmge^oloured  pnpor 
„      nd-  M 

„      gnen- 
„      bloo-  „ 

^       black-         M 

Thin  forei^-poft     . 
Foobcap .        . 


CoaOMaa. 
Barely  ebarred. 

Scaro^lT  tingfd;  less  thnn  thu  ovuigt. 
Pierced  with  a  snudt  bttrning  ring. 
Tbe  same  ah  the  last. 
Pierced;  and  immodiiitely  eet  ablua. 
Chapwd;  not  piercwl. 
Barely  chared  ;  Ichs  than  th©  white. 
Still  less  chAfrcd ;  about  the  Mine  fti  tl 
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Thin  white  blotting-pAptr 
„    vhit«7-browa      ^ 

Ordiiuuy  brown  „ 

Thick  browtt  „ 

Thick  while  uuid-pnper   , 
nrovn  emerj        „ 
Dcttd-bUek 


SeumI 7  tioged. 

The  loaie ;  ft  good  deal  of  hnU  *(>cid*  la 

get  Uirougfa  theM  last  two  |>ap«n. 
Pitrcod  imiDMliAtoly,  a  beaulifti]  bmratDg 

ring  rapanding  an  all  tide*. 
Pi«»rced,  nnt  no  good  aa  tba  last. 
Fiercwl  with  a  bomiug  ring. 
Tha  same  as  tbo  last. 
I^oreod,  and  ImmediAteljr  set  ablojn. 


'We  have  here  an  almost  total  abeence  of  absorption 
OD  the  part  of  the  red  paper.  Even  white  aheorhs  inoie> 
and  is  consequently  more  easily  charred.  Ruhfaing  the 
red  iodide  of  merciirv  over  paper,  and  exposing  tbe  red- 
dened surface  at  the  focus,  !l  thermograph  of  the  carbon- 
points  is  obtained,  which  sliows  itself  by  the  dischai^  of 
the  colour  at  tbe  ]>lace  on  wliich  the  invisible  image  falU. 
Expecting  this  cliange  of  colour  to  be  immediate,  X  wai 
surprised  at  the  length  of  time  necessary  to  produce  it. 


EXPKBXMENT  OV  FRA5KUN. 


And  here  we  find  ourselves  in  a  position  to  properly 
qiuility  and  explain  a  popular  experiment  which  has  been 
fruitful  in  erroneous  inferences.  The  celebrated  Dr. 
Franklin  placed  cloths  of  various  colours  upon  snow  and 
allowed  the  sun  to  shine  upon  them.  They  absorbed  the 
solar  mys  in  different  degrees,  became  differently  heated, 
and  sank  therefore  to  different  depths.  His  conclusion 
was  that  dark  colours  were  the  best  absorbers,  and  light 
coloiu^  the  worst;  and  to  this  hour  we  appear  to  have 
been  content  to  accept  Franklin's  goncralisiition  without 
ijuulification.  Did  the  emission  from  luminoiw  sources 
consist  exclusively  of  visible  rays,  we  might  fairly  infer 
from  the  colour  of  a  substance  its  capacity  to  absorb  the 
heat  of  such  sources.    But  we  now  know  that  the  emission 
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from  luminous  sources  is  by  no  means  all  visiUe.  In 
terrefltrial  sources  by  far  the  ^eater  part,  and  in  the  case 
even  of  the  stiu  a  very  great  part,  of  the  eraissioa  con- 
sists of  invisible  rays,  regarding  which  colour  teaches  U9 
nothing. 

It  remained  therefore  to  examine  whether  the  results  of 
Franklin  were  the  expression  of  a  law  of  nature.  Two 
cards  were  taken  cf  the  same  size  and  texture ;  over  one  of 
them  was  shaken  the  white  powder  of  alum,  and  over 
the  other  the  dark  powder  of  iodine.  Placed  before  a 
glowing  fire  and  permitted  to  assume  the  maximum  tem- 
perature due  to  their  position,  it  was  found  that  the  card 
bearing  the  alum  became  extremely  hot,  wliilo  that 
bearing  the  iodine  roiuained  cool.  No  thermometer  was 
necessary  to  demonstrate  this  difference.  Placing  the 
back  of  the  iodine  card  against  the  forehead  or  cheek,  no 
inconvenience  was  experienced  ;  while  the  back  of  tJie 
alum  card  similaiiy  placed  proved  intolerably  hot. 

This  result  was  corroborated  by  the  following  experi- 
ments: — One  bulb  of  a  differential  thermometer  was 
covered  with  iodiue,  and  the  other  with  alum  powder.  A 
red-hot  spatula  being  placed  midway  between  both,  the 
liquid  column  associated  with  the  alum-covered  bulb 
was  immediately  forced  down,  and  maintained  in  an 
inferior  position. 

Two  delicate  mercurial  thennometers  had  their  bulbs 
coated,  the  one  with  iodine,  the  other  with  alum.  On  ex- 
posing them  at  the  same  distance  to  the  radiation  from  a 
gas-flame,  the  mercury  of  the  alum-covered  thermometer 
rose  nearly  twice  as  high  as  that  of  its  neighbotir. 

Two  sheetd  of  tin  were  coated,  the  one  with  alum,  and 
the  other  with  iodine  powder.  The  sheets  were  placed 
parallel  to  each  other,  and  about  10  inches  asunder;  at 
the  back  of  each  was  soldered  a  little  bar  of  bismuth, 
which,  with  the  tin  plate  to  which  it  was  attached,  oon- 

ai 
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stituted,  as  in  Hg.  95,  p.  302,  a  thermo-eleotric  couple.  The 
two  plates  were  connected  together  by  a  wire,  and  the  free 
ends  of  the  bismuth  bars  were  connected  with  a  galvaoo- 
meter.  PUcing  a  red-hot  ball  midway  between  both,  tha 
oaloriHc  rays  fell  with  tJie  same  iutensity  on  the  two 
eheets,  but  the  galvanometer  immciliately  declared  that 
covered  by  the  alum  to  he  the  most  highly  heated. 

In  some  of  the  foregoing  cases  the  iodine  was  simply 
shaken  tlmmgh  a  mutilin  sieve ;  in  other  cases  it  was 
mixed  with  bisulphide  of  carbon  and  applied  with  a  camelV 
hair  brush.  When  dried  afterwards  it  was  almost  as  black 
as  BOot ;  but  a^  an  absorber  of  radiant  beat  it  was 
match  for  the  perfectly  white  powder  of  alum. 

This  difficulty  of  warming  iodine  by  radiant  heat  is 
evidently  due  to  the  diathermic  property  which  it  mani- 
fests so  strikingly  when  dissolved  in  bisulphide  of  corboD, 
The  heat  enters  the  powder,  is  reflected  at  the  limiting 
surfaces  of  the  particles,  but  it  does  not  lodge  itself  amoDg 
the  atoms  of  the  iodine.  When  shaken  in  sufficient 
quantity  on  a  plate  of  rock-sjilt  and  placed  in  the  path  of 
a  calorific  beam,  iodine  intercepts  the  heat.  But  ita 
action  is  mainly  that  of  a  white  powder  on  light ;  it  is  Im- 
pervious, not  through  absorption,  but  through  repeated  in- 
ternal reflection.  Ordinary  roll  sidphur,  even  in  thin  cakes, 
allows  no  radiant  heat  to  pass  through  it ;  but  its  opacity  is 
also  due  to  internal  reflection.  The  temperature  of  ignition 
of  sulphur  is  about  244^  C. ;  but  on  placing  a  small  piece  of 
the  substance  at  the  obscure  focus  of  the  electric  lamp, 
wliere  the  heat  was  sufficient  to  raise,  in  a  moment, 
platinum-foil  to  whiteness,  it  required  exposure  for  a  con- 
siderable time  to  fuse  and  ignite  the  sulphur.  Though 
impervious  to  the  heat,  it  was  not  so  through  absorption. 
Sugar  is  a  much  less  inflammable  substance  than  sulphur, 
but  it  is  a  far  better  absorber :   exposed  at  the  focus,  it  is 
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speedily  fused  and  burnt  up.  The  heat  moreover  which 
IB  competent  to  iuflame  powdered  sugar,  is  scarcely  com- 
peteut  to  warm  table-suit,  of  the  same  white  appearance. 

A  fragment  of  almost  black  amorphous  phosphorus  ex- 
posed at  the  dark  focus  of  the  electric  lamp,  refuses,  for  a 
long  time,  to  be  ignited.  A  still  more  remarkable  result  was 
obtained  with  ordinary  phosphorus.  A  small  fragment  of 
this  exceedingly  inflammable  fiubstJince  could  be  exposed 
for  twenty  seconds  without  ignition  at  a  focus  where 
platinum  waa  almost  instantaneously  raised  to  a  white  hent. 
The  fnsing-poiut  of  phosphorus  is  about  44*  C,  that  of 
ttugar  is  160°;  still  at  the  focus  of  tho  electric  lamp  the 
sugar  fuses  before  the  phosphorus.  All  this  is  due  to  the 
diatherraancy  of  the  phosphorus;  a  thin  disk  of  the  sub- 
Btance  placed  between  two  plates  of  rock-salt  permits  of  a 
copious  transmission.  This  substance  therefore  takes  its 
place  with  other  elementAry  bodies  as  regards  its  deport- 
ment towards  radiant  heat. 

The  surface  of  a  vessel  covered  with  a  thick  fiir  of 
hoar  frost  was  exposed  to  tbe  beam  of  the  electric  lamp 
condensed  by  a  powerful  rairrur,  tho  betiui  having  been 
previously  sent  through  a  cell  containing  water.  The  sifted 
beam  was  powerless  to  remove  the  frost-,  though  it  was 
competent  to  set  wood  on  fire.  We  may  largely  apply 
this  result.  It  is  not,  for  example,  the  luminous  rays,  but 
the  dark  rays  of  the  sun,  which  sweep  tlie  snows  of  winter 
from  the  alop<'9  of  the  Alps.  It  is  alyo  the  invihible  solar 
raye  which  lift  the  glaciers  from  the  sea-level  to  the 
summits  of  the  mountains ;  for  the  luminous  rays  penetrate 
the  tropical  ocean  to  great  depths,  while  tlic  non-ltmiinotis 
ones  are  absorbed  close  to  the  surface,  and  become  the 
main  agent.s  in  evaporation. 


>Vo  will  end  this  subject  by  fulfilling  a  promise  for- 
merly made.     The  method  by  which  Melloni  determined 


4C4 


HEAT  A  MODE  OF  M0TI05. 


LCOK.  IT. 


the  raLio  of  the  viuible  to  the  ioviiuble  rays  emitted  by  any 
himiDoiis  source  has  been  already  dejicribed.  It  was  ex- 
pUiDed  to  youi  that  assuming  a  solution  of  alain  to  tmnE- 
mit  all  the  visible  rays,  which  is  sensibly  the  cose,  aod  to 
absorb  all  the  invisible  rays,  the  difference  between  the 
transmission  through  alum  and  rock-salt  gives  the  action 
of  the  obscure  rays.  But  is  this  assumption  regarding  the 
absorptive  power  of  alum  correct?  Is  a  solution  of  this 
substance,  of  the  thickness  hitherto  applied,  really  com- 
petent to  absorb  all  heat-rays  of  a  lower  refrangibility  than 
those  which  produce  light  ? 

The  solution  of  iodine,  with  which  you  are  now  so 
intimately  acquainted,  was  placed  in  front  of  an  electric 
lamp,  the  luminous  rttys  being  thereby  intercepted. 
Behind  the  rock-salt  cell  containing  the  opaque  solution 
was  placed  a  glass  cell,  empty  in  the  first  instance.  The 
deflection  produced  by  the  obscure  rays  which  passed 
through  both  produced  a  deflection  of 

80*. 

The  glass  was  now  filled  with  a  concentrated  solution  of 
alum  ;  the  deSection  produced  by  the  obscure  rays  pAssing 
through  both  solutions  was 

50*. 

Calculating  from  the  values  of  theee  deBections,  it  is  foimd 
that  of  the  obscure  heat  eviergent  from  th«  eohUion  of 
iodine  20  per  cenL  was  transmitteil  by  the  tUum,^ 

The  question,  whether  the  invisible  rays  emitted  by 
luminous  sources  reach  the  retina  of  the  eye,  we  have 

'  In  pnnsing  from  one  ni<:<)ium  to  another,  light  in  aJvnrs  r«fl««tal;  t1i» 
Mme  is  Lnie  of  rddinnt  heuU  And  in  the  (&«o  of  our  ampry  bIam  cell, 
radinnt  bent  was  r«flert«J  from  ita  turo  ioterior  vurfiiees  wlieo  icwu  «mp^. 
The  iritralnction  of  th«  rilum  lolation  do  duabt  altrred  Uia  quikiility  ot 
hottt  reflected;  for  tho  wiko  of  simpliHty,  I  hnv*  uoglectMl  tAking  tbij 
iuo  aeooant ;  mj  rhiiag  to  voutd  not  maUfiAltj  affect  the  rantlta  hot 
munciutod. 
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hitherto  left,  in  abeyance.  But  there  cannot  be  a  doubt 
that  the  invisible  rays  which  have  shown  theniselvea 
competent  to  traverse  such  a  thickness  of  the  most  ojiaque 
liquid  yet  discovered  are  also  able  to  pass  through  the 
humoiu*a  of  the  eye.  Dr.  Franz  has  indeed  proved  this  to 
be  the  case  for  the  dark  si^Iar  rays.  The  very  earefid  and 
interesting^  oxpcrimeuts  of  M,  Janssen  '  prove,  moreover, 
that  the  humoure  of  the  eye  absorb  an  amount  of  radiant 
heat  exactly  equal  to  that  absorbed  by  a  layer  of  water  of 
the  same  thickness ;  and  in  our  solution  the  power  of  alum 
is  added  to  tliat  of  water.  Direct  experiments  on  the 
vitreous  humour  of  an  ox  lead  me  to  conclude  that  nearly 
two-thirds  of  the  whole  radiant  euergj',  visible  and  in- 
visible, which  the  electric  light  sends  to  the  retina  is  in- 
competent to  excite  vision. 

,  Measured  by  a  photometer  the  intensity  of  the  ekctrio 
light  used  by  me  was,  in  some  cases,  1000  timet)  that 
nf  a  good  composite  candle ;  and  as  the  noa-luminoui 
heat-rays  from  the  carb<m-point8  which  reach  the  retina 
have,  iu  round  numbers,  twice  the  energy  of  the  luminous, 
it  follows  that  at  a  c(.>mtiion  distance,  taxy  of  u  foot,  the 
energy  of  the  radiant  heat  which  reach**  the  optic  nerve, 
but  is  incompetent  to  provoke  vition,  is  2000  times 
that  of  the  light  of  a  candle.  But  oa  a  tolerably  clear 
night  a  candle-tlame  can  be  rendily  seen  at  the  distance  of 
a  mile ;  and  the  intensity  uf  the  candle's  light  at  this 
dij:tancc  is  loss  than  one  thirty-milUonlh  of  its  intensity 
at  the  distance  of  a  foot ;  hence  the  energy  which  renders 
the  candle  perfectly  viiiblo  a  mile  off,  would  have  to  be 
multiplied  by  20OC  x  30,000,000,  or  by  sixty  thousand 
millions,  to  bring  it  up  to  the  intensity  of  the  radiation 
which  the  retina  actually  receives  from  the  carbon-pointa 
at  a  foot  distance ;  without  vision.     Nothing,  I  think, 

'  An--at4f  dt  Chimie  el  dt  PA^ti^,  ton.  Is.  p.  71. 
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could  more  forcibly  ititistrate  the  special  relationsUip 
which  subsi.sta  between  the  optic  nerve  and  the  oscillating 
periodd  of  the  molecules  of  luminous  bodies.  That  nerve, 
like  a  musical  string,  responds  to  the  waves  with  which  it 
ia  in  accordance,  while  it  refopcs  to  be  excited  by  others  oi 
almost  infinitely  greater  energy  which  are  not  in  uuisoD 
with  its  own. 

When  we  see  a  vivid  light  incompetent  to  affect  our 
most  delicate  thermoscopic  apparatuR,  the  idea  naturally 
presents  itself  that  lig-htand  beat  must  be  totally  differfnt 
tilings.  Tlie  pure  light  emerging  from  a  combination  ^1 
water  and  green  glaas,  even  when  rendered  intense  h» 
concentration,  has,  according  to  Melloni,  no  sensible  beat 
ing  power.  The  light  of  the  moon  is  also  a  case  in  point 
Concentrated  by  a  polyzonal  lens  more  than  a  yard  in 
diameter  upon  tiic  face  of  his  pile,  it  required  all  Melloni's 
acuteness  to  nurse  the  culorifiu  action  of  the  moon  up  to 
a  measurable  fjuantity,  Such  experiments,  however,  de- 
monstrate, not  that  the  two  agents  are  dissimilar,  bnt 
that  the  senile  of  vision  can  be  excited  by  an  amount  of 
energy  almost  Infinitely  nmalL* 

Here  also  we  are  able  to  ofier  a  remark  as  to  the 
applicability  of  radiant  heat  to  fog-si gnalUng.  The  pro- 
position, in  the  abstract,  is  a  philosophical  one  ;  fur  were 
our  fogs  of  a  physical  character,  similar  to  that  of  the 
iodine  held  in  solution  by  the  bisulphide  of  carbon,  or  to 
that  of  iodine  or  bromine  vapour,  it  would  be  possible  to 
trau^mit  through  them,  from  our  signal  lamps,  powerful 
fluxes  of  radiant  heat,  even  after  the  entire  etoppage  of 
the  light.  But  our  fogs  are  not  of  this  character.  Tliey 
are  unfortunately  so  constituted  as  to  act  very  destructively 
upon  the  purely  calorific  rays ;  and  this  fact,  taken  in  coo- 

■  With  more  powerful  Rppamtm  Lord  ItosM,  a«  Alraftdy  stAtad,  fau  n- 
IwiuLirtly  ^xiuninvd  tho  thernuU  Innu  ndiatioo,  in  all  thephaaw  of  th* 
liw. 
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junction  with  the  marvellous  sensitiveness  of  the  eye,  leads 
to  the  conclusion,  that  long  before  the  light  of  our  signals 
ceases  to  be  visible,  their  radiant  heat  has  lost  the  power 
of  affecting,  in  any  sensible  degree,  the  most  delicate 
thermoBcopic  apparatus  that  we  could  apply  to  their 
detectiaXL 
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raecbanical  energy  depends,  aa  you  know,  upon  the  ampli- 
tude, or  ranjje  of  vibration ;  and  as  the  heat  waves  have 
enormou!*ly  greater  amplitudes  than  tbe  pbotograpbic 
waves,  the  decompo»ition,  in  this  case,  must  l>e  less 
matter  of  amplitude  than  of  period  of  vibration,  Tfc 
quicker  motions  of  the  shorter  waves  arc  so  related  to  the 
vibrations  possible  to  tbe  atoms  that,  Itke'the  timed  im- 
pulses of  a  Iwy  in  a  swing,  they  accumulate  so  as  finally 
ixt  jerk  the  atoms  asimder ;  thus  eSccting  what  is  called 
chemical  decomposition. 

It  is  this  jerking  asunder  of  the  constituent  atoms  of 
molecules  by  the  shorter  uavcs  that  we  have  to  examine 
during  the  coming  hour.  Tlie  discovery  of  this  action 
occurred  thtis: — Vapours  of  various  kinds  were  sent  into 
a  glass  tube  a  yard  in  lengthy  and  about  three  inches 
in  diameter.  As  a  general  rule,  the  vapours  were  per- 
fectly transparent;  the  tube,  when  they  were  present, 
appearing  as  empty  as  when  they  were  absent.  In  two 
or  three  cases,  however,  a  faint  cloudiness  showed  itself 
within  the  tube.  This  caused  me  a  momentary  anxiety 
for  I  did  now  know  how  far,  in  describing  my  previous 
eiperimouts,  actions  might  have  been  ascribed  to  pure 
cloudless  vapour,  which  were  really  due  to  those  newly- 
observed  uebulai.  Intermittent  discomfort,  however,  is 
necessary  feeling  of  the  investigator;  for  it  drives  him  to 
closer  scrutiny,  to  greater  accuracy,  and  often,  as  a  conse-j 
quence,  to  new  discovery.  It  was  soon  foimd  that  tbe 
nebulED  revealed  by  tbe  beam  were  all  generate  by  the 
beam  ;  and  the  observation  opened  a  new  door  into  the 
regions  of  atoms  and  molecules,  inaccessible  to  sense,  butj 
which  embrace  so  much  of  the  intellectual  life  of 
phyuical  investigator. 

Those  vapours  of  which  we  have  been  speaking  are 
aggregates  of  molecuUs,  and  every  molecule  is,  as  already 
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explained,  an  aggregate  of  smaller  parU,  called  n/cmw.' 
The  molecules  have  motions  of  their  owu  aa  wholat\ 
their  constituent  atoms  have  also  motions  of  their  own, 

I  which  are  executed  independently  of  those  of  the  molecules ; 
just  as  the  various  movements  of  hodies  on  the  earth^s  sur- 
face are  executed  independently  of  the  orbital  revolution  of 
our  planet.  The  vapour  molecules  are  kept  asunder  by 
forces  which,  virtually  or  actually,  are  forces  of  rrpuUion. 
Between  these  elastic  forces  and  the  atmospheric  pressure 
under  which  tho  vapour  exists,  oquilibrium  is  established, 
as  soon  as  the  proper  distances  between  the  molecules 
have  been  assimied.  If,  after  this,  the  molecules  bo  urged 
nearer  to  each  other  by  an  external  force,  they  recoil  as 
soon  as  the  force  is  expended.  If  by  the  exercise  of  a 
similar  force  they  be  pushed  more  widely  apart,  when 
the  force  ceases  to  act  they  again  approach  each  other. 
The  case  is  different  as  regards  the  constituent  atoms. 

And  here  let  me  remark  tliatweare  now  upon  the  out- 
most verge  of  molecular  physics ;  and  that  I  am  attempt- 
ing to  familiarise  your  minds  with  conceptions  which 
have  not  yet  obtained  universal  currency  even  amongst 
chemists ;  which  some  chemists,  moreover,  might  deem  un- 
tenable. But,  tenable  or  untenable,  it  is  of  the  highest 
scientific  importance  to  discuss  them.  I^t  us,  then,  look 
mentally  at  our  atoms  grouped  together  to  form  a  mole- 

,  cule.      Every  atom  is  held  apart  from  its  neighbours  by  a 

'force  of  repulsion  ;  why,  then,  do  not  the  mutually  repel- 
lent members  of  this  group  part  company  ?  The  mole- 
cules do  separate  when  the  external  pressure  is  lessened  or 

{removed,  but  their  constituent  atoms  do  not.    The  reason 


*  Kevtcm  loeinod  to  eoosider  that  the  moleculci  might  be  reodend 

Tikible  by  microscopes ;  but  of  htoms  he  appoan  tohnro  enteitainedadif- 

L  fereot  opiDicn.     *  It  teema  imposaiblo,'  be  sajs,  *  to  see  thft  mon  Mar«t  and 

^Boblo  worki  of  D&i  tiro  within  tho  curpiuelM,  b^TeosoDof  theirtmujnnocy. 

(Uexscbtl.  *  Od  LIgbC  art  U4fi.} 
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of  tbu  stability  18  that  two  forces,  the  one  attractive  and  the 
other  repulaive,  are  in  operation  between  every  two  atoms; 
and  the  position  of  every  atom  is  determined  by  the 
equilibration  of  these  two  forces.  When  the  atoms  aji- 
proach  too  near  each  other,  repulsion  predominatea  and 
drives  them  apart ;  when  they  recede  to  too  great  a  distance, 
attraction  predominates  and  draws  them  together.  The 
point  at  which  attraction  and  repulsion  are  equal  to  eaoli 
other  is  the  atom's  position  of  equilibrium.  If  not  abso- 
lutely cold — and  there  is  no  such  thing  as  absolute  cold- 
ness in  our  comer  of  nature  —the  atoms  are  always  in  a 
state  of  vibration,  their  vibrations  being  executed  to  and 
fro  across  their  pobitions  of  equilibrium. 

Into  a  vapour  thus  constituted,  we  have  now  to  pour  a 
strong  beam  of  white  light.  Vou  know  that  the  waves  of 
this  beam  are  not  all  of  the  same  size ;  that  some  of  them 
are  much  longer  than  others;  that  the  short  waves  and 
the  long  ones  move  with  the  same  rapitlity  through  space, 
just  as  short  and  long  waves  of  sound  travel  with  tiie 
siuue  rapidity  through  air,  and  that  heuoe  the  shorter 
waves  must  follow  each  other  in  qiucker  succession  than 
the  longer  ones.  The  elements  of  all  tlie  conceptions  with 
which  we  shall  have  to  deal  are  now  in  your  possession. 
And  you  will  observe  that  though  we  are  speaking  of 
things  which  b"e  entirely  beyond  the  range  of  the  senses, 
the  conceptions  are  as  truly  mechanioal  as  they  would  be 
if  we  were  dealing  with  ordinary  masses  of  matter,  and 
with  waves  of  sensible  size. 

Whether  we  8<«j  rightly  or  wrongly — ^whether  our 
notions  be  real  or  imaginary — it  is  of  the  utmost  impor- 
tance in  science  to  aim  at  perfect  clearness  in  the  descrip- 
tion of  all  that  comes,  or  se«ma  to  come,  within  the 
range  of  the  iutellect.  Fur  if  we  are  right,  clearness  of 
utterance  forwards  the  cause  of  right ;  while  if  we  are  wrong, 
it  ensures  the  speedy  correction  of  error.     In  this  spirit, 
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aad  with  the  determiDatioD  at  all  events  to  speak  plainly, 
let  U8  deal  with  our  conceptions  of  ether  waves  and  mole- 
uules.  Supposing  a  wave,  or  a  train  of  waves,  to  impinge 
upon  a  molecule  bo  as  to  urge  all  its  parts  with  the  same 
motion,  the  molecule  would  move  bodilj  as  a  whole,  but, 
because  they  are  animated  by  a  common  motion,  there 
would  be  no  tendency  on  the  part  of  its  constituent  atoms 
to  separate  from  each  other.  DiffereiUUil  Tnt»fi«7w  among 
tlie  atoms  themselves  would  be  necessary  to  effect  a  st^para- 
tion  ;  and  if  such  motions  be  not  introduced  by  the  shock 
of  the  waves,  there  is  no  mechanical  ground  for  the  de- 
composition of  the  molecule. 

II  is,  however,  difficult  to  conceive  the  shock  of  a  wave, 
or  a  train  of  waves,  so  distributed  among  the  atoms  aa  to 
cau^c  no  strain  amongst  them.  For  atoms  are  of  different 
weigbtii,  probably  of  different  Bhces;  at  all  events  it  Ir 
almost  certain  that  the  ratio  of  the  mass  of  the  atom,  to 
the  surface  which  it  presents  to  the  impact  of  the  ether 
waves,  is  different  in  different  cases.  If  tliis  be  so,  and  I 
think  the  probabilities  are  inmieusely  in  favour  of  its  being 
BO,  then  every  wave  which  paffses  over  a  molecule  tends 
to  decompose  it — tends  to  carry  away  from  their  weightier 
and  more  slu^sh  compauions  those  atoms  which,  in  rela- 
tion to  their  mass,  present  the  largest  resisting  surfaces  to 
the  motion  of  the  waves.  The  case  may  be  illustrated 
by  reference  to  a  man  standing  on  the  deck  of  a  ship. 
As  long  as  both  of  them  share  equally  the  motions  of  the 
windi  or  of  the  sea,  there  is  no  tendency  to  separation.  In 
chemical  language,  they  are  in  a  state  of  combination. 
But  a  wave  passing  over  it  finds  the  ship  less  rapid  in 
yielding  to  its  motion  than  the  man  ;  the  man  is  con- 
sequently carried  away,  and  we  have  what  may  be  roughly 
regarded  aa  decomposition. 

Thus  the  conception  of  the  decomposition  of  compound 
molecules  by  the  waves  of  ether  comes  to  us  recommended 


474 


HKAT   A   MODE  OF   MOTION. 


LVCr.   XTI. 


by  d  priori  proljability.  But  a  closer  examination  of  the 
question  compels  us  to  supplement,  if  not  materially  to 
qualify^  this  conception.  It  is  a  most  remarkable  fact. 
that  the  ivaves  which  are  most  effectual  in  shaking 
asunder  the  atoms  of  compound  molecules  are  frequently 
those  of  least  mechanical  power.  Billows,  to  use  a  strong 
comparison,  are  incompetent  to  produce  effects  which  are 
readily  produced  by  ripples.  The  violet  and  ultra-violet 
rays  of  the  sun,  for  example,  are  often  most  effectual 
in  producing  chemical  decomposition  ;  and  compared 
with  the  red  and  ultra-red  solxir  rays,  the  energy  of  the 
'  chemical  rays'  is  infinitesimal.  This  energy  would  pro- 
bably, in  some  ca?es,  have  to  be  multiplied  by  millions,  to 
bring  it  up  to  that  of  the  ultra-red  rays.  Still  the  latter 
are  often  powerless  where  the  smaller  waves  are  potent 
We  hexe  observe  a  remarkable  similarity  between  the  be- 
haviour of  chemical  molecules  and  that  of  the  human 
retina,  for  the  capacity  to  produce  light  docs  not  depend 
on  the  energy  of  the  waves,  the  most  powerful  solar  waves 
failing  entirely  to  excite  vision. 

>^^lence,  then,  the  power  of  these  smaller  waves  to  un- 
lock the  bonds  of  chemical  union  ?  If  it  be  not  a  result  of 
their  own  strength,  it  must  be,  as  in  the  case  of  vision,  a 
result  of  their  periods  of  recurrence.  But  how  are  we  to 
figure  this  action  ?  I  should  say  thus :  the  shock  of  a  single 
wave  produces  no  more  than  an  infinitesimal  effect  ii|>on 
an  atom  or  a  molecule.  To  produce  a  larger  effect,  the 
motion  must  accumulate,  and  for  wave-impulses  to  ac- 
cumulate, bhey  must  arrive  in  periods  identical  with  the 
periods  of  vibration  of  the  atoms  on  which  they  impinge. 
Id  this  case  each  successive  wave  finds  the  atom  in  a 
position  which  enables  that  wave  to  add  its  shock  to  the 
sum  of  the  shocks  of  its  predecessors.  The  Hingle  tick 
of  a  clock  has  no  appreciable  effect  upon  the  unvtbrating 
and  equally  long  pendulum  of  a  distant  clock ;   but  a 


t.  xn.      CHEMICAL  ACTION   OF  SMALL   WAVES.         J76 

Buccession  of  ticks  each  of  wliich  adds,  at  the  proper 
moment,  its  infiniteHim.il  piish  to  the  siim  of  the  pushes 
preceding  it,  will,  as  a  matter  of  fact,  get  the  second 
clock  going.  So  likewise  a  single  puff  of  air  against  the 
prong  of  a  heavy  timing-fork  produces  no  sensible  motion, 
and,  eonsequently,  no  audible  8uund ;  but  a  succession  of 
puffs,  which  follow  each  other  in  periods  identical  with 
the  tuning-fork's  period  of  vibration,  will  render  the  fork 
sonorous.  I  think  the  chemical  action  of  light  is  to  be 
regarded  in  this  way.  Fact  and  reason  point  to  the  con- 
clusion that  it  is  the  Leaping  up  of  motion  on  the  atoms, 
in  consequence  of  their  synchronism  with  the  shorter 
waves,  that  causes  them  to  part  company. 

AOTIHIO   CLOUDS. 

And  now  let  us  return  to  that  faint  cloudiness,  already 
mentioned,  from  whicli,  as  frotn  a  germ,  these  confcideia- 
ftioTU  and  speculations  have  sprung.  It  faa.s  been  long  known 
tliat  light  effected  the  deeomposition  of  a  certain  number 
of  bodies.  The  transparent  iodide  of  ethyl,  or  of  methyl, 
for  example,  becomes  brown  and  opaque  on  exposure  to 
light,  through  the  discharge  of  its  iodine.  Tho  art  of 
photograpliy  is  founded  on  the  chemical  actions  of  light; 
80  that  it  is  well  known  that  the  effects  for  which  the  fore- 
going theoretic  considerations  would  have  prepared  us,  are 
not  only  probable,  but  actual. 

But  the  method  now  to  be  followed,  and  which  coosists 
simply  in  offering  the  vapoura  of  volatile  substances  to 
the  action  of  light,  enables  us  to  give  a  va!tt  extension  to  the 
operations  of  light,  or  rather  of  radiant  force,  as  a  chemi- 
cal agent.  It  also  enables  us  to  imitate  iu  our  la>»oratories 
actions  which  have  been  hitherto  performed  only  in  the 
laboratory  of  nature.  The  substances  chosen  for  examiaa- 
tion  are  so  constituted   that  when   their   molecules  are 
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broken  up  hy  the  waves  of  light,  the  newly-formed  bodies 
are  comparatively  involatiU.  To  keep  them  in  the 
gaseous  form  these  products  of  decomposition  require  a 
higher  temperature  than  the  vapours  from  which  they  are 
'derived  ;  heuce,  if  the  space  in  which  these  new  bodies  aro 
Pliherated  be  of  a  lower  temperature  than  that  requisite 
to  maintain  the  vaporous  condition,  they  will  be  precipi- 
tated, as  clouds,  upon  the  beam,  to  the  action  of  which 
they  owe  their  existence. 

The  simple  apparatus  employed  in  these  experiments 
will  be  at  once  understood  by  reference  to  fi^.  122.  8  s* 
is  a  glass  experimental  tube,  which  may  vary  in  length 
from  one  to  five  feet,  with  a  diameter  of  two  or  three 
inches.  From  the  end  s  the  pipe  p  p'  passes  to  an 
air-pump.  Connected  with  the  other  end  is  the  flask  r, 
containing  the  liquid  whose  vapour  is  to  be  examined. 
Then  follows  a  U-tube  t,  filled  with  fragments  of  clean 
glass  wett4?d  with  sulphuric  acid.  The  air  is  here  dried. 
Then  follows  a  second  U-tube  t'  containing  fragments  of 
marble  wetted  with  caustic  potash.  The  carbonic  acid  of 
the  air  is  here  removed.  Finally  comes  a  narrow  tube  f  ^, 
containing  a  tolerably  tightly-fitting  plug  of  cotton-wool. 
This  intercepts  the  floating  matter  of  the  air.  To  save  the 
air-pump  gauge  from  the  attack  of  such  vapours  as  act 
upon  mercury,  as  also  to  facilitate  observation,  a  separate 
barometer- tube  is  employed. 

The  flask  f,  fig.  122,  is  shown  on  on  enlarged  scale  in 
fig.  123.  Through  its  cork  two  glass  tubes  a  and  h  pass 
air-tight.  The  tube  a  ends  immediately  under  the  cork ; 
the  tube  6,  on  the  contrary,  descends  to  the  bottom  of 
the  flask,  and  dips  into  the  liquid.  The  end  of  tliis  tube 
is  drawn  out  so  as  to  render  very  small  the  orifice 
through  which  the  air  escapes  into  the  liquid.  The  ex- 
perimental tube  8  ^  being  exhausted,  a  cock  at  the  end  a' 
is  carefully  turned  on.     The  air  passes  slowly  through  tha 
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cotton-wool,  the  caustic  potAidi,  and  the  sulphuric  acid, 
in  succession.  Thus  purified,  it  enters  the  flask  v,  and 
bubbles  through  the  liquid 
Charged  with  vapour  it  finally 
enters  the  experimental  tube, 
where  it  ia  subjected  to  examina- 
tion. The  lamp  l,  placed  at  the 
end  of  Uie  experimental  tube, 
furnishes  the  necessary  beam. 

We  will  now  permit  the  elec- 
tric btHim  to  play  upon  the  in- 
visible vapour  of  nitrite  of  am}!. 
The  lens  of  the  himp  is  so  situated 
lis  to  render  the  beam  convergent, 
the  focus  fallings  near  the  middle 
of  the  tube.  You  will  notice  that 
the  tube  appears  empty  for  a 
moment  after  the  tuminf*  on  of 
tlie  beam;  but  the  chemical 
action  will  bo  so  rapid  that  atten- 
tion ia  requiiiite  to  mark  this  in- 
terval of  darkness,  I  ignite  the 
lamp,  and  aluminous  white  clond 
immediately  falls  upon  the  beam. 
The  beam  haa,  in  fact,  fibaken 
asunder  the  molecules  of  Ibe  nitrite  of  amyl,  and  broug-ht 
down  upon  itself  a  shower  of  pjirticles  Thich  flash  forth 
like  a  solid  luminous  spcnr.  This  experiment,  moreover, 
illuairates  the  fact,  that  however  intense  a  beam  of  li^ht 
may  he,  it  remains  invisible  unless  it  has  something  to 
shine  upon,  SpacB,  though  traversed  by  the  rays  from  all 
suns  and  all  stars,  is  itself  unseen.  Not  even  the  ether 
which  fills  space,  and  whose  motions  are  the  light  of  the 
is  itself  visible. 
You  notice  that  the  end  of  the   experimental  tua« 
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moat  ditttant  from  the  lamp  is  free  from  cloud.  Now  the 
nitrite  of  amyl  vapour  is  there  also,  but  it  is  unnffectcd  by 
the  powerful  beam  padsing  through  it.  Lut  us  recon- 
ceDtrate  the  transmitted  beam  by  receiving  it  on  a  con- 
cave silvered  mirror,  and  cause  it  to  return  into  the  tube. 
It  \8  still  powerless.  Though  a  cone  of  light  of  extra- 
ordinary intensity  now  traverses  the  vapour,  do  preci- 
,  pitatiou  occurs,  and  no  trace  of  cloud  la  formed.  Why  ? 
^  Because  only  a  very  small  fraction  of  the  beam  possesses 
the  power  of  decomposing  the  vapour ;  and  this  fraction 
is  quite  exhausted  by  its  work  in  the  frontal  portion  of  the 
tube.  The  great  body  of  the  light  which  remains,  afler 
this  sifting  out  of  the  few  eflfectual  mys,  has  no  power  over 
the  molecules  of  nitrite  of  amyl.  We  have  here  strikingly 
illustrated,  what  has  been  already  stated  regarding  the 
influence  of  period,  as  contrasted  with  that  of  atrengtk. 
For  the  portion  of  the  l»eiim  which  is  here  ineffectual  has 
probably  more  than  a  million  times  the  absolute  energy 
of  the  effectual  portion.  It  is  energj-  specially  related  to 
the  atoms  that  we  hero  need,  wliich  specially  related 
energy,  being  pos^esed  by  the  feeble  waves,  invests  them 
with  tlieir  extraordinary  power.  When  the  experimental 
tube  is  reversed  so  as  to  bring  the  imdecomposed  vapour 
under  the  action  of  the  UTisi/ted  beam,  we  have  instantly 
a  fine  limiinoiis  cloud  precipitated. 

The  light  of  the  stm  also  effects  the  decompoi«ition 
of  the  nitrite  of  amyl  vapour.  To  prove  tliis  a  sunbeam 
is  converged  so  as  to  form  a  luminous  cone,  visible  in 
the  dust  of  the  room.  On  thrusting  one  end  of  the  vapour- 
iiUed  tube  into  the  light  behind  the  lens,  precipitation 
within  Uic  cone  is  copious  and  immediate.  As  before 
the  vapour  at  the  distant  end  of  the  tube  is  shieldtsd  by 
that  in  front ;  but  on  reversing  the  tube,  a  second  and 
similar  cloud-cone  is  precipitated. 

And  here  I  would  ask  you  to  make  familiar  to  your 
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minds  tlie  idea  that  no  chemical  action  can  be  produced 
)iv  A  my  that  dooR  not  involve  the  destruction  of  the  ray. 
But  abandoning  the  term  ray  as  loose  and  indefinite,  let 
iia  fix  our  thoughts  upon  the  waives  of  lif?^t,  and  render 
clear  to  our  minds  that  tho*!e  waves  which  produce 
chemical  action  do  so  by  delivering  up  their  own  motion 
to  the  molecules  wliich  they  decompose.  We  are  here 
in  the  presence  of  a  question  of  great  importance  in 
molecular  physics ;  it  is  this :  When  the  waves  of  ether 
are  intercepted  by  a  compound  vapour,  is  the  motion  of 
the  waves  transferred  to  the  molecules  of  the  vapour,  or 
to  the  atoms  of  the  molecules?  We  have  thus  far  leancdj 
to  the  conclusion  that  the  motion  is  communicat*xl  to  the 
atoms;  for  if  not  t^  tliese  individually,  why  should  they 
be  shaken  asunder  ?  The  question,  however,  is  capable  of,^ 
and  is  worthy  of,  another  test,  the  bearing  and  signific 
of  which  you  will  immediately  appreciate. 

As  already  explained,  vapour  molecules  are  held  in  their 
positions  by  their  mutual  repulsion  on  the  one  side,  andl 
by  an  external  pressure  on  the  other.  Like  a  stretched 
string,  their  rate  of  vihratiort,  if  they  vibrate  at  all,  must 
depend  upon  the  elastic  force  existing  lietween  them.  If 
this  force  were  changed,  the  rate  of  vibration  woiJd: 
change  along  with  it ;  and,  afl^er  the  change,  the  molecule 
could  no  longer  absorb  the  waves  which  they  absorl: 
prior  to  the  change.  Now  the  elastic  force  between  mol< 
oule  and  molecule  is  utterly  altered  when  a  vapoiu* 
to  the  liquid  stAte.  Hence  if  the  liquid  absorb  wave*  of 
the  same  period  as  \i9  vapour,  it  is  a  proof  that  the  ab- 
sorption is  not  the  act  of  the  molecules.  Let  ua  be  per- 
fectly clear  on  this  important  point.  Waves  are  abflorbed 
whose  vibrations  synchronise  with  thw*e  of  the  molecules 
or  atoms  on  which  they  impinge.  If  then,  after  the 
pABRage  of  vapour  to  the  liquid  state,  the  same  waves  be 
absorbed  as  were  absorbed  prior  to  the  passage,  it  U  a 
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proof  that  the  molecules  which  have  utterly  changed  their 
periods,  cannot  be  the  seat  of  the  absorption ;  and  we 
arc  driven  to  conclude  that  it  is  to  the  atomsy  whoso  rates 
of  vibration  are  unchanged  by  the  change  of  aggrega- 
tion, that  the  wave  motion  is  transferred.  If  experiment 
should  prove  tliifl  identity  of  action  on  the  part  of  a 
vapour  and  its  liquid,  it  would  establish  in  a  new  and 
striking  manner  the  conclusion  to  which  we  have  pre- 
viously leaned. 

We  will  now  resort  to  the  experimental  teat.  Id 
front  of  tbe  experimental  tube,  which  contains  a  quantity 
of  the  nitrite  of  amyl  vapour,  is  placed  a  glass  cell  a 
quarter  of  an  inch  in  thickneai,  filled  with  the  liquid 
nitrite  of  amyl-  I  send  the  electric  beam  first  through  the 
liquid  and  then  through  its  vapour.  The  luminous  power 
of  the  beam  is  very  great,  but  it  can  make  no  impression 
upon  the  vapour.  The  liquid  hx9  robbed  it  completely  of 
its  effective  waves.  On  the  removal  of  the  liquid,  chemical 
action  immediately  begins,  and  in  a  moment  we  have 
tlie  apparently  empty  tube  filled  with  a  bright  cloud,  pre- 
cipitated by  one  portion  of  the  l>eam,  ami  itlumiuated 
by  another.  I  reintroduce  the  liquid :  the  chemical 
action  instantly  ceases,  I  again  remove  it,  and  tlie  action 
commences  once  more.  Thus  we  uncover,  in  part,  the 
secrets  of  this  world  of  molecules  and  atoms. 

Instead  of  employing  air  as  the  vehicle  by  which  the 
vapour  is  carried  into  the  experimental  tube,  we  may 
employ  oxygen,  hydrogen,  or  nitrogen ;  and  besides  the 
nitrite  of  amyl,  a  great  number  of  other  sub^tdnces  might 
be  employed,  which,  like  the  nitrite,  have  been  hitherto 
not  known  to  be  chemically  susceptible  to  light.  One 
point  in  addition  I  wish  to  illustrate,  chiefly  because  tbft 
effect  is  similar  in  kind  to  one  of  great  importance  in 
nature.  In  our  atmosphere  floats  carbonic  acid,  which 
furnishes  food  to  the   vegetable  world.      But  this  food 
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oould  nut  be  consumed  by  plants  and  ve^t&bles  without  ^ 
the  intervention  of  the  eiin's  rajs.  And  jet,  as  for  as 
know,  these  rays  are  powerless  upon  the  free  carbonic 
acid  of  our  atmosphere.  The  Hun  can  only  decom|K>se  t)ie 
^as  when  it  is  abiiorl)ed  by  the  leaves  of  plants.  Id  tlie 
leaves  it  is  in  close  proximity  with  eubstanoes  ready  to 
take  advantjige  of  the  loosening  of  its  molecules  by  the 
waves  of  light-  Incipient  disunion  being  thus  introduced, 
the  carbon  of  the  gas  is  seized  upon  by  the  leaf  and 
appropriated,  while  the  osygen  is  di^harged  into  ihet 
atmosphere. 

The  experimeatol  tube  now  before  you  oontaina  a 
different  vapour  from  that  which  we  have  hitherto  em- 
ployed. It  is  called  tlie  nitrite  of  butyl.  On  sending 
the  electric  beam  through  the  tube  the  chemical  action  'm 
scarcely  sensible.  I  add  to  the  vapour  a  quantity  of  air 
which  has  been  permitted  to  bubble  through  hydrochloric 
acid.  When  the  beam  is  afterwards  turned  on,  so  rapid  is 
the  action,  and  so  dense  the  cloud  precipitated,  that  you 
could  hardly  by  an  effort  of  attention  observe  the  in- 
terval which  preceded  the  precipitation.  This  enormous 
augmentation  of  the  action  is  due  to  tho  pretence  of  the 
hydrochloric  acid.  Like  the  chlorophyl  and  carbonic  acid 
in  the  leaves  of  plants,  the  two  substances  interact  under 
the  influence  of  the  waves  of  the  electric  light. 

The  nitrite  of  omyl  fiunishcs  a  similar  example.  The 
decomposition  of  this  substance  by  light  is  very  energetic 
when  alone,  but  the  energy  and  brilliancy  of  the  action 
are  greatly  augmented  by  the  presence  of  hydrochloric 
acid.  Air  which  huj>  bubbled  through  the  liquid  nitrite 
i:i  admitted  iut^  this  experimental  tube  till  the  mer- 
cury gauge  of  the  pump  has  sunk  eight  inches.  Eight 
additional  inches  of  air  which  has  bubbled  through  liquid 
hydrochloric  acid  are  then  admitted.  On  permitting  the 
powerful  beam  of  the  electric  lamp  to  act  upon  the  mix- 
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tiire,  a  cloud  of  extraordinary  density  and  brilHancy  ia 
immediately  preoipitated  on  the  beam,  wliich  soema  to 
pierce  like  a  share  the  yhining  nebula,  tossing  iu  Leaps 
the  precipitated  particles  right  und  left  as  it  advances 
among  them. 

A  minute  but  interesting  variation  of  the  experiment 
is  this :  the  nozzle  of  a  bellows  being  connected  by  a  bit  of 
indi;i-rubU;r  tubing  with  a  glass  tube  passing  through  a 
cork  iiito  a  vessel  contaiuing  the  nitrite  vapour,  a  sharp 
tap  on  the  bellows  sends  a  puff  of  the  vapour  through  a 
second  open  tube  passing  through  the  same  cork.  In 
ordinary  diffuse  light  the  puff  of  vapour  is  invisible. 
Projected  into  a  coDoentrated  sunbeam,  or  into  the  beam 
from  the  electric  lamp,  on  crossing  the  limit  of  light  and 
darkness  the  vapour  is  instantly  precipitated  as  cloud,  and 
forme  a  shining  white  ring.  This  ring  has  the  same  me- 
chanical caiLse  as  the  smoke  rings  puffed  from  the  mouth 
of  a  cannon  ;  but  it  is  latent  until  revealed  by  actinic 
precipitation. 

TUB    AZC&E    or   THE    FIBUASIENT. 


It  is  possible  to  impart  to  these  clouds  any  required 
degree  of  tenuity,  for  it  is  iu  our  powur  to  limit  at  pleasure 
the  amount  of  vapour  in  our  experimental  tube.  When 
the  quantity  is  duly  limited,  the  precipitated  particles  are 
at  6x9t  inconceivably  bmall,  defying  the  highest  microsopio 
power  to  bring  them  within  range  of  the  vision.  Probably 
their  diauielers  are  then  not  greater  than  the  millionth  of 
an  inch.  They  grow  gradually,  and  as  they  augment  in 
size,  they  throw  from  them  a  continually  increasing  quan- 
tity of  wave-motion,  until,  finally,  the  cloud  which  they 
form  becomes  so  luminous  as  to  fill  a  mom  with  light. 
During  the  growth  of  the  particles  tlie  most  splendid 
iridescences  are  often  exhibited.     It  is  not,  however,  with 


4M 


HEAT  A  MODE  OF  MOTION. 


LECT.  IVT. 


the  iridescenceg,  however  beautiful  they  may  be,  that  we 
liavc  now  to  occupy  our  thoughts,  but  with  other  effects 
which  bear  upon  the  two  great  standing  eDigmas  of 
meteorology — the  colour  of  the  aky  and  the  polarisation 
of  its  light. 

First,  then,  with  regard  to  the  aky ;  how  is  it  produced, 
and  can  we  not  reproduce  it?  Its  colour  has  not  the  same 
origin  as  that  of  ordinary  colouring  matter,  in  which 
certain  portions  of  the  white  solar  light  are  absorbed, 
the  colour  of  the  body  being  that  of  the  light  which  re- 
maius.  A  violet  is  blue  because  its  molecular  texture 
enables  it  to  quench  the  yellow  and  red  constituents  of 
white  light,  and  to  send  back  the  blue  from  its  interior. 
A  geranium  is  red  because  its  molecular  texture  is  such  as 
quenches  all  rays  except  the  red.  Such  colours  are  called 
colours  of  absorption ;  but  the  hue  of  the  sky  is  not  of  this 
character.  The  blue  light  of  the  sky  is  scattered  light; 
and,  were  there  nothing  in  our  atmosphere  competent  to 
scatter  the  solar  rays,  we  should  see  no  blue  firmament,  but 
the  mere  darkness  of  infinite  space.  The  blue  of  the  sky  is 
produced  by  perfectly  colourless  particles.  Smallness  of 
size  alone  is  requisite  to  ensure  the  selection  and  re- 
flection of  this  colour.  Of  all  the  visual  waves  emitted 
by  the  sun,  the  sbortt'st  aud  smallest  are  those  correspond- 
ing to  the  colour  blue.  To  such  email  waves  minute 
particles  offer  more  obstruction  than  to  large  one?,  hence 
the  predominance  of  blue  colour  in  all  light  reflected  from 
such  particles.  The  crimson  glow  of  the  evening  and  the 
moming,seen  so  finely  inthe  Alps, is  due,onlheoth^r hand, 
to  traiwmitifd  light;  that  is  to  soy,  to  light  which,  in  its 
passage  through  great  atntosphcric  distances,  has  its  blue 
constituents  siftitl  out  of  it  by  repeated  collision  with 
suspended  particles. 

It  is  possible,  as  above  stated,  by  duly  regidating  the 
quantity  of  vapour,  to  make  our  precipitated  partidea 


LWJr.  XTJ, 


AZURE  OF  THE  SKY, 


486 


^ow  from  aa  infiDit.esinial,  and  altogether  ultiti-microso'V 
pic  size,  to  specks  of  sensible  magnitude;  and  by  means 
of  these  particles,  in  a  certain  stage  of  their  growth,  we 
can  produce  a  blue  wliich  shall  rival,  if  it  does  not  trans> 
cend,  that  of  the  deepest  and  purest  Italian  sky.  lAit  this 
paint  be  in  the  first  place  established.  Associated  with  our 
experimental  tube  is  a  barometer,  the  mercurial  column  of 
wliich  now  indicates  that  the  tube  is  exhausted.  Into  the 
tube  I  introduce  a  quantity  of  the  mixed  air  and  nitrite  of 
butyl  vapour,  sufficient  to  depress  the  merciu-iul  column 
one-twentieth  of  an  inch ;  that  is  to  say,  the  air  and 
vapour  together  exert  a  pressure  of  one  six-hundredth  of 
au  atmosjihere.  I  now  add  a  quantity  of  air  and  hydro- 
chloric acid,  sufficient  to  depress  the  mercury  half-au-inch 
further,  and  into  this  compound  and  highly  attenuated 
atmosphere  I  discharge  the  beam  of  the  electric  light. 
The  effect  is  slow ;  but  gradually  within  the  tube  arises  a 
splendid  azure,  which  strengthens  for  a  time,  reaches  a 
maximum  of  depth  and  purity,  and  then,  as  the  particles 
grow  larger,  passes  into  whititib  blue.  This  experiment  is 
representative,  and  it  illustrates  a  general  principle. 
Other  colourless  substances  of  the  most  diverse  properties, 
optical  and  chemical,  might  be  employed  for  this  experi- 
ment. The  ir)ci2:)ient  cloud,  in  every  case,  woidd  exhibit 
this  superb  blue ;  thus  proving  to  demonstration,  that 
particles  of  infinitesimal  size,  without  any  colour  of  their 
own,  and  irrespective  of  the  optical  properties  exhibited 
by  tlte  suhiitances  in  a  massive  stAte,  arc  competent  to 
produce  the  colour  of  the  sky. 


POLARISATtON  OF  SKT-LiailT. 

But  there  is  still  another  subject  connected  with  our 
firmament,  of  a  more  subtle  and  recondite  character  than 
even  its  colour.     I  mean  that  '  mysterious  and  beautiful 
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phenomenon,^'  the  polarisation  of  the  light  of  the  sky. 
Brewster,  Arago,  Babinet,  Herschel,  Wheatatone,  RubesoD 
and  otherti,  have  made  us  masters  of  the  phenomenoD,  but 
its  oaiise  remains  a  mystery'  still.  The  polarity  of  a 
magnet  consists  in  it^  two^ntlediicsSj  both  ends,  or  poiestf 
acting  in  opposite  ways.  Polar  forces,  as  most  of  you 
know,  arc  thoeo  in  which  the  duality  of  attraction  and 
repultiiou  is  manifested.  And  a  kind  of  two-eid^nesB — 
noticed  .jy  Huygens,  commented  on  by  Newton,  and  more 
fully  observed  and  investigated  by  a  French  philoaopher. 
named  Malua,  receives  the  name  of  'polarisation.  We 
must  now,  however,  attach  a  distinctness  to  the  idea  of  a 
polarised  beam,  which  its  discoverers  were  not  able  to 
affix  to  it.  For  in  their  day  men's  thoughts  were  not 
sutUcieutly  ripe,  nor  optical  theory  sufficiently  advanced, 
to  seize  upon  or  express  the  physical  meaning  of  polarise- 
tion.  We  have  already  learned  that  in  the  case  of  soimd, 
the  vibrations  of  the  air-particles  are  executed  in  the  direc- 
tion in  which  the  sound  travcU.  The}'  are  therefore  called 
longitudinal  vibrations.  In  the  case  of  light  and  radiant 
heat,  on  the  contrary,  the  vibrations  are  transversal ;  tho 
iudividual  particles  of  ether  move  to  and  fro  across  the 
direction  iu  which  the  light  is  propagated.  In  tho  case 
of  a  common  beam  of  light,  tho  vibrations  of  the  ether 
particles  are  executed  in  every  direction  perpendicular  to 
it ;  but  if  the  beam  impinge  obliquely,  upon  a  plane 
glass  surface,  as  in  the  observation  of  Mains,  tho  portion 
reflected  will  no  longer  have  its  particles  vibrating  in  all 
directions  round  it.  By  the  act  of  reflection,  if  it  occur 
at  the  proper  aniflf,  the  vibrations  are  all  confined  to  a 
single  plane,  and  light  thus  circumstanced  is  called  ^/a7i4t 
pola-rised  light. 

A  beam  of  HglU  parsing  through  ordinary  glass  ex- 
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ecutes  iU  vibrations  within  the  substance  exactly  as  it 
would  do  in  air,  or  in  etlier-filled  space.  Not  bo  when  it 
passes  througli  many  transparent  crystals.  For  these  also 
have  their  two-sidedness,  the  anangement  of  their  mole- 
cules being  such  as  to  tolerate  vibrations  only  in  certain 
definite  directions.  There  is  the  well-known  crystal  tour- 
maline, which  shows  a  marked  hostility  to  all  vibrations 
executed  at  right  angles  to  the  aiis  of  the  crystal.  It 
speedily  extinguishes  such  vibrations,  while  those  executed 
parallel  to  the  axis  are  more  or  less  freely  propagated. 
The  consequence  is,  that  a  beam  of  light,  alter  it  has 
passed  through  any  thJcknens  of  this  crystal,  emerges  from 
it  polarised.  So,  also,  as  regards  the  beautiful  crystal 
known  as  Iceland  spar,  or  as  double-refracting  spar.  In 
one  direction,  but  in  one  only,  Ih'u  crystal  shows  tlie 
neutrality  of  glass ;  in  all  other  directions  it  splits  the 
beam  of  light  passing  through  it  into  two  distinct  halves, 
both  of  which  are  perfectly  polarised,  their  vibrations 
being  executed  in  tuo  planes,  at  right  angles  to  each  other. 

It  is  possible  by  a  suitable  contrivance  to  get  rid  of 
one  of  the  two  polarised  beams,  into  which  Icohind  spar 
divides  an  ordinary  beam  of  light.  This  waa  done  »o  in- 
geniously and  effectively  by  Nicol,thnt  the  spar,  cut  in  his 
fashion,  is  now  universally  known  as  Nicol's  prism.  Such 
a  prism  can  polarh»e  a  beam  of  light,  and  if  the  beam, 
before  it  impinges  on  the  prism,  lie  already  polarised, 
in  one  position  of  the  prism  it  is  stopped,  while  in  an- 
other position  it  is  transmitted.  The  same  is  true  of 
nuliant  heat.'  Our  way  is  now,  to  some  extent,  cleared 
towards  the  examination  of  the  b'ght  of  the  sky. 

Looking  at  various  points  of  the  blue  firmament 
through  a  Nicol's  prism,  and  turning  the  prism  round  its 
axis,  wc  soon  notice  variations  of  the  brightness  of  the  sky. 

'  The  total  r«flection,  polAiisatioD.  niul  magnetisatioo  of  lUdiant  H«at 
an  follj  iltiulr«t«d  id  my  Lortore*  on  IJght,  ?iided.  p.  181  tt  mj. 
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In  certain  positions  of  tlie  spar,  and  from  certain  points  of 
the  iirmament|  tbe  light  appears  to  be  freely  transmitted ; 
while  it  is  only  necessary  to  turn  the  prism  round  its  asi^ 
through  an  angle  of  ninety  degrees  to  matcriully  diminish 
the  intensity  of  the  light.  On  cloae  scrutiny  it  is  found, 
that  the  difference  produced  by  the  rotation  of  the  prism 
ifl  greatest,  when  the  sky  is  regarded  in  a  direction  at 
right  angles  to  that  of  the  solar  rays.  Kxperiments  of  this 
kind  prove  that  the  blue  light  sent  to  us  by  the  firma- 
ment is  polarised,  and  that  the  direction  of  most  perfect 
polarisiition  is  perpendicular  to  the  solar  rays.  Were  the 
heavenly  azure  like  the  ordinary  light  of  the  sun,  the 
turning  of  the  prism  would  have  no  effect  upon  it ;  it 
would  be  transmitted  equally  during  the  entire  rotation  of 
the  prism.  The  light  of  the  sky  is  in  great  part  qucncheti 
by  the  Nicol,  because  il.  is  in  great  part  polarised, 

Wlien  a  luminous  b(>am  impinges  at  the  proper 
angle  on  a  plane  glass  surface  it  is  polarised  by  re- 
flection. It  is  polarised,  in  part,  by  all  oblique  re- 
flections ;  but  at  one  partiouliir  ungle,  the  reflected  light 
is  perfectly  polarised.  An  exceedingly  beautiful  and 
simple  law,  discovered  by  Sir  David  Brewster,  enables  us 
readily  to  find  the  polarising  angleof  any  substance  whose 
refractive  index  is  knoKH.  This  law  was  discovered  ex* 
perimentally  by  Brewster  j  but  the  Wave  Theory  of  light 
renders  a  complete  reason  for  the  law.  A  geometrical 
image  of  it  is  thus  given.  When  a  beam  of  light  im- 
pinges obliquely  upon  a  plate  of  glass  it  is  in  part  reflected 
and  in  part  refracted.  At  one  particular  incidence  the 
reflected  aud  the  refracted  portions  of  the  beam  are  at 
right  angles  to  each  other.  The  angle  of  incidence  is  then 
the  polarising  angle.  It  varies  with  the  refractive  index  of 
the  substance  ;  being  for  water  52^,  for  glass  57^,  and  for 
diamond  68  degrees. 

And  now  we  are  prepared  to  comprehend    the   diffi- 
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ciilties  which  have  beset  the  qaestion  before  us.  It  has 
been  already  stated  that  in  order  to  obtain  the  most 
perfect  polarisation  of  the  firmamtrntal  li^ht,  the  sky  must 
be  regarded  in  a  direction  at  right  angles  to  the  solar 
beams.  This  is  soraetimea  expressed  by  saying  that  the 
place  of  maximum  polarisation  is  at  an  angular  distance  of 
90"  from  the  sua.  This  angle,  enclosed  as  it  is  between 
the  direct  rays  and  those  sent  from  the  sky,  comprises  both 
the  angles  of  incidence  and  reflection.  Hence  the  angle 
of  incidence,  which  corresponds  to  the  maximum  polarisa- 
tion of  the  sky,  is  half  of  90",  or  45°.  This  is  the  atmo- 
spheric polarisiDg  angle,  and  the  question  is,  what  known 
substance  possesses  an  index  of  refraction  to  correspond 
with  this  polarising  angle  ?  If  we  knew  such  a  substance, 
we  might  be  tempted  to  conclude  that  particles  of  it, 
scattered  in  the  atmosphere,  produce  the  polarisation  of  the 
sky.  'Were  the  angle  of  maximum  polarisation,*  says  Sir 
John  Herscbel,  '76°  (instead  of  90'),  we  ahould  loctk  to 
water,  or  ice,  as  the  reflecting  l>ody,  however  inconceivable 
the  existence  in  a  cloudless  atmosphere,  and  a  hot  summer 
day, of  unevaporated  paiticles  of  water.*  But  a  polarising  ' 
angle  of  45*  corresponds  to  a  refractive  index  of  1  ;  this 
means  that  there  is  no  refraction  at  all,  in  which  case  we 
ought  to  have  no  reflection.  To  satisfy  the  law  of  Brew- 
ster, as  Sir  John  Herschel  remarks,  'the  reflection  wotild 
have  to  be  made  in  air  upon  airl*  'The  more  the  sub- 
ject is  considered,*  adds  the  celebratt-d  philosopher  last 
named, '  the  more  it  will  be  found  l)eset  with  difficulties, 
and  its  explanation,  when  arrived  at,  will  probably  be 
found  to  carry  with  it  that  of  the  blue  colour  of  the  flky 
itoelf.' 

ABnnCIAL   SST. 

If  you  doubt  the  wisdom,  acknowledge,  at  all  events, 
the  faith  in  your  capacity,  which  has  caused  me  to  bring  a 
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subject  80  entangled  before  you.  I  believe,  however,  that 
even  an  intellect  which  draws  it£  chief  strength  and 
culture  from  totully  different  sources,  may  have  it* 
interest  excited  by  subjects  like  the  present,  dark  and 
diflScult  though  they  lie.  It  is  not  to  be  expected  that 
you  will  all  gragp  the  details  of  this  diaca'^sion ;  but  I 
think  that  everybody  present  will  see  the  extremely  im- 
portant part  hitherto  played  by  the  law  of  Brewster  in 
speculations  as  to  the  colour  and  pdlitrisaliun  of  the  sky- 
I  shall  now  seek  to  demonstrate  in  your  presence^  first,  and 
in  confirmation  of  our  former  experiments,  that  sky-blue 
may  be  produced  by  excei-diugly  minute  particle  of  any 
kind ;  socondly,  that  polarisation  identical  with  that  of 
the  sky  id  produced  by  such  particles ;  and  thirdly,  that 
matter  in  this  fine  state  of  division,  where  its  particles 
are  probably  small  in  comparison  with  the  height  and 
span  of  a  wave  of  lipjbt,  releases  itself  completely  from  the 
law  of  Brewster;  the  direction  of  maximum  polarisation 
being  absolutely  independent  of  the  polarising  angle  aa 
hitherto  defined. 

Into  an  experimental  tulio  I  introduce  a  new  vapour 
in  the  manner  already  described,  and  add  to  it  air  which 
has  been  permitted  to  bubble  through  dilute  hydrochlorio 
acid.  On  permitting  the  electric  beam  to  play  upon  the 
mixture,  for  some  time  nothing  is  seen.  The  chemical 
action  is  doubtless  progressing,  and  condensation  is  going 
on  ;  but  the  condensing  molecules  have  not  yet  coalesced 
to  particles  sufficiently  largo  to  scatter  sensibly  the  WETet 
of  light.  As  before  statt.'d— and  the  Ftateraeul  rests  upon 
an  experimental  basis — the  particles  here  generated  are  at 
first  so  small,  that  their  diameters  do  not  probably  exceed 
a  millionth  of  an  inch :  while  to  form  each  of  these  par- 
ticles whole  crowds  of  molecules  are  probably  aggregated. 
Helped  by  such  considerations,  our  intellectual  mion 
plunges  more  profoundly  into  atomic  nature,  and  shows 
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us,  anoong  other  things,  how  far  wo  are  from  the  realisation 
of  Newton's  hope  that  the  molectilps  might  one  day  be 
seen  by  means  of  microscopefl.  While  I  am  speaking,  you 
oheerve  this  delicate  Mue  colour  forming  and  strengthen" 
ing  within  the  experimental  tube.  No  sk^-bluc  could 
exceed  it  in  richness  and  purity  ;  but  the  particlt's  which 
produce  this  colour  lie  wholly  beyond  our  microscopic  range. 
A  uniform  colour  is  here  dcyeloped,  which  has  as  little 
breach  of  continuity — which  yields  as  little  e\ndence  of  the 
individual  particles  concerned  in  its  production — as  that 
yielded  by  a  body  whose  colour  is  due  to  true  molecular 
aheK)rption.  This  blue  is  at  iirst  as  deep  and  dark  as  the  sky 
seen  from  the  highest  Alpine  peaks,  and  for  the  same  reason. 
But  it  grows  gradually  brighter,  still  maintaining  its  blue- 
ness,  until  at  length  a  whitish  tinge  mingles  with  the  pure 
azure;  announcing  that  the  particles  are  now  no  longer  of 
that  inHuitcsimal  size  which  scatters  only  the  shortest 
waves,' 

The  liquid  here  employed  is  tlie  iodide  of  allyl,'  but  I 
might  choose  any  one  of  a  dozen  substances  here  before  me 
to  produce  the  etfect.  You  have  seen  what  may  be  done 
with  the  nitrite  of  butyl.  With  nitrite  of  amyl,  bisulphide 
of  carbon,  benzol,  benzoic  ether,  &c.  the  same  blue  colour 
may  be  produced.'  In  all  cases  where  matter  slowly 
pusee  from  the  molecular  to  the  massive  state,  the  transi- 
tion is  marked  by  the  production  of  the  blue.  ]^Iore  than 
this: — you  have  seen  me  looking  at  the  blue  colour  (I 
hardly  like  to  call  it  a  blue  *cloud,*  its  texture  and  pro- 
perties are  so  different  from  ordinary  clouds)  through  a  bit 

*  PomiLI^  a  phoLograpbio  irapreaaian  might  be  takeo  befora  the  blua 
LecomoB  risible,  for  the  nttra-blue  njs  aro  Ural  scsttored. 

'  Fur  wbidi  I  bare  to  iJiank  the  obliging  kindoeaa  of  Br.  MarvtiU 
Simpson. 

*  To  tba  li!tt  of  gnsuoos  bodies  decompoeed  hj  light  and  prodnciiig 
ectiaic  doods,  M.  Uurrea  has  added  lulpharoa*  acid,  aod  Frofeaior  Dvnx 
the  very  eeoeitire  peroxide  0/  obloriae. 
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of  spar.  This  is  a  Nioors  prism.  The  blue  that  I  have 
l>eoii  thus  looking  at  is  a  hit  of  more  perfect  skj  than  the 
sky  itself.  Looking  across  the  illuminating  beam  ns  we 
look  across  the  solar  rays  at  the  sky,  I  obtain  not  only 
partial  polarisation,  but  ptrfect  polarisation.  In  ooe 
position  of  the  Niool  the  blue  light  seems  to  pass  un- 
impetled  to  the  eye ;  in  the  other  it  is  absolute!}'  cut  off, 
the  experimental  tul)e  being  reduced  to  optical  emptiness. 
Behind  the  experimental  tube  it  is  well  to  place  a  black 
surface,  in  order  to  prevent  foreign  light  from  troubling  the 
eye.  In  one  position  of  the  Nicol  this  hlack  surface  is 
seen  without  softening  or  qualification;  for  the  particles 
within  the  tube  are  themselves  iuvisible,  and  the  light 
which  thoy  scatter  is  quenched.  If  the  light  of  the  sky 
were  polarised  with  tlie  same  perfection,  on  looking  pro- 
perly Upwards  it  through  a  Nicol  we  should  also  meet,  not 
the  mild  radiance  of  the  firmament,  Init  the  unillumined 
blackness  of  space. 

The  construction  of  the  Nicol  is  such  that  it  permits 
free  pa^csoge  to  vibrations  which  are  executed  in  a  certain 
determinate  direction.  All  vibrations  executed  at  right 
angles  to  this  direction  are  completely  stopped ;  while 
components,  only,  of  those  executed  obliquely  to  it  are 
transmitted.  It  ia  easy,  therefore,  to  see  that  from  the 
position  in  which  the  Nicol  must  be  held,  to  transmit  or 
to  quench  the  light  of  our  actinic  cloud,  we  can  infer  the 
direction  of  the  vibrations  of  that  light.  You  will  be 
able  to  picture  those  vibrations  without  diflSculty,  Sup- 
pose a  line  drawn  from  any  point  of  the  *  cloud  *  per- 
pendicular to  tlie  illuminating  beam.  The  particles 
etlier  which  carry  the  light  along  that  line,  from  the 
cloud  to  the  eye,  vibrate  in  a  direction  perpendicular  both 
to  the  line  and  to  the  beam.  And  if  any  number  of  line 
be  drawn  in  the  same  way  from  the  cloud,  like  the  8pok« 
of  a  wheel,  the  particles  of  ether  along  all  of  them 
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dilate  ID  tlie  same  manocr.  Wherefore,  if  a  plane  surface 
be  imagined  cutting  the  incipient  cloud  at  right  angles 
to  it«  length,  the  perfectly  polarised  vibrations  discharged 
laterally  will  all  Ite  parallel  to  this  surface.  This  is  the 
plane  of  vibration  of  the  polarised  light.  Or  you  may 
suppose  a  circle  drawn  round  the  experimontal  tube  ou 
its  surface,  and  a  Bcries  of  strings  attached  to  various 
points  of  this  circle.  If  all  the  strings  be  stretched  as 
perpendicuLirs  to  the  experimental  tube,  and  caused  to 
vibrate  transversely  by  a  series  of  jerks  impart^  at  right 
angles  both  to  them  and  the  tube,  the  motion  of  the  par- 
ticles of  the  strings  will  then  represent  those  of  the  parti- 
cles of  ether.  A  dlHtinct  image  of  those  vibrations  is  now, 
I  hope,  in  your  minds. 

Our  actinic  cloud  is  a  virtual  NicoVs  prism,  and  be- 
tween it  and  the  real  Niool,  we  can  produce  all  the 
effects  obtainable  between  the  polariscr  and  analyser  of  a 
polariscope.  When,  for  example,  u  thin  plate  of  selenite 
18  placed  between  the  Nicol  and  the  incipient  cloud,  we 
obtain  the  splendid  chromatic  phenomena  uf  poluri^d 
liglit.  The  colour  of  the  gypsum-plate,  as  many  of  you 
know,  depends  upon  its  thickness.  If  this  be  uniform,  the 
colour  is  uniform.  If,  on  the  contrary,  tlie  plate  be 
wedge-shaped,  thickening  gradually  and  uniformly  from 
edge  to  back,  we  obtain  brilliant  bands  of  colour  parallel 
to  the  edge  of  the  wedge.  Perhaps  the  best  form  of  the 
selenite  for  experiments  of  this  character  is  a  plate  thin  at 
the  centre,  and  gradually  thickening  towards  the  circum- 
ference. Placing  tlie  film  between  the  Nicol  and  the 
cload,  we  obtain,  instead  of  a  series  of  parallel  bauds,  a 
system  of  coloured  rings.  The  colours  are  most  vivid 
when  the  incipient  cloud  is  looked  at  perpendicularly  to 
the  direction  of  the  illuminating  beam.  Precisely  the 
same  phenomena  are  observed  when  we  look  at  the  blue 
firmament,  in  a  direction  perpendicular  to  the  solar  rays. 
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We  have  thus  fur  operated  with  ordinary  light,  and 
found  the  portion  of  this  light  scattered  normally  to  be  per- 
fectly polarised.  We  will  now  examine  the  eflfects  produced 
when  the  Ught  which  illuminates  the  actinic  cloud  i^  it- 
jK.'lf  polarised.  In  front  of  the  electric  lump,  and  hetween 
it  and  the  experimental  tube,  is  placed  a  fine  Nicol's 
prism,  which  is  Bufficiently  large  to  embrace  and  to  pola 
the  entire  beam.  The  prii^m  is  now  placed  so  that  the  plane  1 
of  vibration  of  the  light  emergent  from  it,  and  falling  upon 
the  cloud,  is  vertical.  Ilow  does  the  cloud  behave  towards 
this  light  ?  This  formless  aggregate  of  infinitesimal  parti- 
cles without  definite  structure,  shows  the  two-sidedness 
the  light  in  the  most  striking  manner.  It  is  absolutely 
incompetent  to  send  the  light  upwards  ur  downwards, 
while  it  freely  discbarges  the  light  horizontally,  right  and 
left.  I  turn  the  polarising  Nicol  so  as  to  render  the  plane 
of  vibration  horizontal ;  tbe  cloud  now  freely  sends  tha 
light  vertically  upwards  and  downwards,  but  it  ia  abs^o-J 
lutely  incompetent  to  shed  a  ray  horizontally  to  the  right 
or  left.  While  showing  hira  some  of  the  foregoing  eSecta  , 
tbis  form  of  experiment  was  suggested  to  rac  by  Trofessor^ 
Stokes. 

Suppose  the  atmosphere  of  our  planet  to  be  surrounded 
by  an  envelope  impervious  to  light,  with  an  aperture  nn 
the  sunward  side,  through  which  a  solar  beam  could  enter. 
Surrounded  on  all  sides  by  air  not  directly  illuminated, 
the  track  of  the  sunliglit  would  resemble  that  of  tbe 
electric  beam  in  a  dark  space  filled  with  our  incipient 
cloud.  The  course  of  the  i^unbcum  woidd  be  bliie^  and  it 
would  discharge  laterally,  in  all  directions  round  it,  light 
in  preciwly  the  same  polarised  condition  as  that  dis- 
charged from  the  incipient  cloud.  In  fact,  the  azure, 
revealed  by  the  sunbeam  would  be  the  azure  of  such  a 
oloud.  And  if,  instead  of  permitting  the  ordinary  light  of 
the  Bun  to  enter  the  aperture,  a  Ki< 
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there,  which  should  polarise  the  sunlight  on  its  entrance 
into  our  atmosphere,  the  particles  producing  the  colour  of 
the  skj  would  act  precifiel  j  like  those  of  our  incipient  cloud. 
In  two  directions  we  should  have  the  solar  light  reflected ; 
in  two  others  iinrcHected.  In  fact,  out  of  such  a  solitary 
beam,  traversing  the  unilluiniuated  air,  we  should  be  able 
to  extract  every  effect  shown  hy  our  incipient  cloud.  In 
the  production  of  such  clouds  we  virtually  create  bits  of 
sky  in  our  laboratories,  and  obtain  with  them  all  the 
effects  obtainable  in  the  open  firmament  of  heaven.  These 
experimcntg,  and  others  that  might  be  cited,  render  it 
certain  that  the  blue  of  our  firmament  is  that  of  light 
scattered  by  mechanically  suspended  particles. 


NoTB. — Thon^  not  strictly  belonging  to  hoat»  tbo  subject  of  atomio 
motion  ii  lo  utrtkiuglj  iUuiitrBt«*l  hy  the  mtearohes  refrrred  to  la  tha  foro* 
going  lect-oroi  that  I  tliot^^t  it  dcainblo  to  iatnxluce  icmo  ftooutat  of 
(bcmLnro. 
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m :— A  CUUB    «KT   AKD    CAI^    BUT    DAMP    ATMOSFUBB: 
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GP  ms   SUM   TO   AICDUI.  AKD   TEaRTABLB  UFB. 


TXBBBSTAIAL    BADIAHON. 

WE  liavc  learned  that  our  atmosphere  is  always  more  or  J 
less  charged  with  aqueous  vapour,  the  ooDdensation  of  j 
which  forms  clouds,  fogs,  hail,  raiu,  and  snow.      We  have ' 
now  to  direct  our  attention  to  one  particular  case  of  con- 
densation, of  jfreat  interest  and  beauty — one,  moreover,  re- 
garding which  erroneous  notions  were  for  a  long  time  en- 
tertained— the  phenomenon  of  Dew.     The  aqueous  vapour 
of  our  atmosphere  is  a  powerful  radiant,  but  it  is  diffused 
through   air   which    usually   exceeds   its   own    masa   one 
hundred  times.     Not  only,  then,  its  own  heat,  but  the 
heat  of  the  large  quantity  of  air  which  surrounds  it,  must, 
be  discharged  by  the  vapour,  before  it  can  eink  to  its  point  1 
of  condensation.     The  retardation  of  chilling,  due  to  this 
cause,  enables  good  solid  radiators,  at  the  earth's  suHace, 
to  outstrip  the  vapour   in   speed  of  refrigeration;    ftnd 
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hence  upon  these  bodies  aqueous  vapour  may  be  condenuKl 
to  liquid,  or  even  congealed  to  hoar-frost,  while  at  a  few 
feet  above  the  surface  it  iDaintaina  its  gaseous  state.  This 
13  actually  the  case  in  the  beautiful  phenomenon  which  we 
ba\'e  now  to  examine. 

Wo  are  indebted  to  a  London  physician  for  a  true  theory 
of  dew.  In  1818  Dr.  Wells  published  his  admirable  essay 
on  this  subject.  He  made  his  experiments  in  a  garden  in 
Surrey,  at  a  distance  of  three  miles  from  Blackfriars  Bridge. 
To  collect  the  dew,  he  used  little  bundles  of  wool,  which, 
when  dry,  weighed  10  grains  each;  and  having  exposed 
them  during  a  clear  night,  the  amount  of  dew  deposited 
on  them  was  determined  by  the  augmentation  of  their 
weight.  He  soon  found  that  whatever  interfered  with  the 
view  of  the  sky  from  his  piece  of  wool,  interfered  also  with 
Hie  deposition  of  dew.  He  supported  a  board  on  four 
props :  on  the  board  he  laid  one  of  his  wool  parcels,  and 
vml^  it  a  second  similar  one;  during  a  clear  calm  night, 
the  former  gained  14  grains  in  weight,  while  the  latter 
gained  only  4,  He  bent  a  sheet  of  pastelK>ard  liko  the 
nwf  of  a  house,  and  placed  underneath  it  a  bundle  of  wool 
on  the  grass :  by  a  single  night's  exposure  the  wool  gained 
2  grains  in  weight,  while  a  similar  piece  of  wool  exposed 
on  the  grass,  but  Tmshaded  by  the  roof,  collected  1  fi  grains 
of  moisture. 

Is  it  steam  from  the  earth,  or  is  it  fine  rain  from  the 
heavens,  that  produces  this  deposition  of  dew  ?  Both  of 
these  notions  have  been  advocated.  That  it  does  not 
arise  from  the  earth  is,  however,  proved  by  the  fact,  that 
more  moisture  was  collected  on  the  propped  board  than 
undco'  it.  That  it  is  not  a  fine  rain  is  proved  by  the  fact 
that  the  most  copious  deposition  occurs  on  the  clearest 
nights. 

Dr.  Wells  next  exposed  thermometers,  as  he  had  done 
his  wool-bundles,  and  found  that  at  those  places  where  the 
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dew  fell  most  copiously,  the  temperature  sank  lowesL  On 
the  propped  board  already  referred  to,  he  found  the  tem- 
perature 9**  Kahr,  lower  than  under  it ;  beneath  the  past*- 
board  roof  the  thermometer  was  10°  warmer  than  on  the 
open  grass.  He  also  fuund  that  when  he  laid  lu6  thormo- 
meter  upon  a  grass  plot,  on  a  clear  night,  it  sank  some- 
times 14"  lower  than  a  similar  thermometer  suspended  in 
free  air,  at  a  height  of  4  feet  above  the  grass.  A  bit  of 
ootton,  placed  beside  the  former,  gained  20  grains;  a 
similar  bit»  beside  the  latter,  ouly  11  grains  in  weight.^ 
Thfi  h)wering  of  the  temperature  and  the  dtfpoaition  of  i 
dew  we7it  hand  in  ha-nd.  Not  only  did  artificial  screens 
interfere  with  the  lowering  of  the  temperature  and  the 
formation  of  the  dew,  but  a  cloud-screen  acted  in  the  sama 
manner.  He  once  observed  his  thermometer,  which,  as  it 
liy  upon  the  grass,  showed  a  temperature  12**  Fahr.  Iot 
than  the  air  a  few  feet  above  the  grass,  rise,  on  the 
iif  some  clouds,  until  it  was  only  2'  colder  than  the  air, 
lu  fact,  as  the  clouds  crossed  his  zenith,  or  disappeared 
from  it,  the  temperature  of  his  thermometer  rose  and  fell. 

A  series  of  such  experiments,  conceived  and  executed 
with  admii'able  clearness  and  skill,  enabled  Dr.  Wells 
propound  a  Theory  of  Dew,  which  has  stood  the  test  of  all 
subsequent  criticism,  and  is  now  imiversally  accepted. 

It  is  an  effect  of  chilling  by  radiation.  *The  upper 
parts  of  the  grass  radiate  their  heat  into  regions  of  empty 
space,  which,  consequently,  send  no  beat  back  in  return  ; 
its  lower  parts,  from  the  smalluess  of  their  conducting 
power,  transmit  little  of  the  earth's  heat  to  the  upper 
parts,  which,  at  the  same  time,  recei^nng  only  a  sma 
quantity  from  the  atmosphere,  and  none  from  any  other 
lateral  body,  must  remain  colder  than  the'  air,  and  con- 
dense into  dew  its  watery  vapour,  if  this  be  suOSciently 
abundant  in  respect  to  the  decreased  temperature  of  the 
grass.'     Why  the  vapour  itself,  being  a  powerful  radi&at. 
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ia  not  60  quickly  chilled  as  the  grass,  has  been  already  ex- 
plained  on  the  f^ound  that  the  vapour  has  not  only  iU 
oiTD  heat  to  discharge^  but  &ho  that  of  the  large  mass  of 
air  by  which  it  is  surrounded. 

Dew,  then,  ia  the  result  of  the  condensation  of  atino- 
spherio  vapour,  on  substances  which  have  been  sufficiently 
cooled  by  radiation;  and  as  bodies  differ  widely  in  their 
radiative  powers,  we  may  expect  corresponding  differences 
in  the  deposition  of  dew.  This  Wells  proved  lo  be  the 
case.  He  often  saw  dew  copiously  deposited  on  grass  and 
painted  wood,  when  none  could  be  observed  on  gravel 
walks  adjacent.  He  found  plates  of  metil,  which  he 
had  exposed,  quite  dry,  while  adjacent  bodies  w«re  covered 
with  dew.  In  all  such  cases  the  temperature  of  the  metal 
was  found  to  be  higher  than  that  of  the  dewed  substances. 
This  is  quite  io  accordance  with  our  knowledge  thatmet-als 
are  the  worst  radiators.  On  one  occasion  be  placed  a  plate 
of  metal  upon  grass,  and  upon  the  plate  a  glass  ther- 
mometer ;  the  thermometer,  after  some  time,  exhibited 
dew,  while  the  plate  remained  dry.  This  led  him  to  sup- 
pose that  the  instrument,  though  lying  on  the  plate,  did 
not  share  its  temperature.  He  placed  a  second  thermo- 
meter, with  a  gilt  bulh.  Inside  the  first  The  naked  glass 
thermometer — a  good  radiator — remained  9"  Fahr.  colder 
than  its  compaalon.  To  determine  the  true  temperature 
of  the  air  is,  it  may  be  remarked,  a  task  of  some  difficulty ; 
a  glass  thermometer,  suspended  in  air,  will  not  give  the 
temperature  of  the  air;  its  own  power  as  a  radiant  or 
an  absorbent  comes  into  play.  On  a  clear  day,  when 
the  Sim  shines,  the  thermometer  will  l>e  warmer  than  the 
air;  on  a  clear  night,  on  the  contrary,  the  thermometer 
will  be  colder  than  Uie  air.  We  have  just-  seen  that  the 
passage  of  a  cloud  can  raise  the  temperuture  of  a  ther- 
mometer 10**  in  a  few  minutes.  This  augmentation,  it  is 
manifest,  does  not  indicate  a  corresponding  augmentation 
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of  the  lamperature  of  the  air,  but  merelj  the  interception 
and  refiectioDf  by  the  clond,  of  the  rajs  of  heat  emitted 
by  the  thermometer. 

Dr.  W'elU  applied  his  principles  to  the  explanation 
of  many  curious  eSects,  and  to  the  ooiTccdoD  of  many 
popular  errors.  Moon  blindness  he  refers  to  the  chill 
produced  by  radiation  from  the  eyes,  the  shining  of  the 
moon  being  merely  an  accompaniment  to  the  cleameas  of 
the  atmosphere.  The  putrefying  influence  ascribed  to  the 
moonbeams  is  really  due  to  the  deposition  of  moisture, 
and  bacterial  germs,  on  the  exposed  animal  substances. 
The  nipping  of  tender  plants  by  frost,  when  the  air 
of  the  garden  is  some  degrees  above  the  Ireesdng  tem- 
perature, is  also  to  be  referred  to  chilling  by  radiation.  A 
cobweb  screeu  would  be  sufficient  to  preserve  them  from 
injury.* 

Wells  was  the  first  to  explain  the  formation,  arti- 
ficially, of  ice  in  Bengal,  where  the  substance  is  never 
formed  naturally.  Shallow  pits  are  dug,  which  are 
partially  filled  with  straw,  and  on  the  straw  flat  pans 
containing  water  are  exposed  to  the  clear  firmament. 
The  water  is  a  powerful  radiant,  and  sends  off  its  heat 
copiously  into  space.  The  heat  thus  lost  cannot  be  sup- 
plied from  the  earth — this  source  being  cut  off  by  the 
non-conducting  straw.  Before  sunrise  a  cake  of  ice  U 
formed  in  each  vessel.  This  is  the  explanation  of  Wells, 
and  it  is,  no  doubt,  the  true  one.     I  think,  however,  it 

'  With  refervDo«  to  thii  point  we  hartUis  following  beautiful  ftmrngp 
in  the  ijssAy  of  Wells  :— '  I  bad  often,  io  th«  pride  of  balf*luiowledg«,  «Bulnl 
at  the  menoa  froqnently  empb^ed  bj  ganlaoer*  to  protect  tooder  pUat* 
from  cold,  u  it  appeared  to  mo  impoteible  ibia  •  thiu  mat  or  an;  nch 
Oimsj  ntbat&nce,  (vmld  pTey«ntlbem  from  attainJDg  the  temp«rntnre  of  tlu 
atmoAphero,  by  vhieh  aloae  X  tbooght  \htm  linbto  to  b«  injnred.  But  vbea 
I  had  learned  that  bodies  oa  the  snrftee  of  the  earth  become,  dnnog  a  etiU 
and  eerme  night,  colder  than  the  atmoepben.  bj  radiating  their  hc«t  to  the 
bearcDs,  I  pereoired  immediatel;  a  just  raaion  fur  the  practice  uhlch  I  bad 
bafian  ^emed  weIe«B.' 
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needs  supplementing.  It  appcara,  from  the  description, 
that  tlie  condition  most  suitable  for  the  formatioa  of 
ice,  is  not  only  a  clear  air,  but  a  dry  air*  The  nights, 
sajs  Sir  Robert  Barker,  most  fevourable  for  the  production 
of  ice,  are  those  which  are  clearest  and  most  serene,  and 
in  wkidi  very  little  ilew  appears  after  miilnight.  The 
itoliuiscd  phrase  is  very  significant.  To  produce  the  ice  in 
abundance,  the  atmosphere  must  not  only  be  clear,  but  it 
must  be  comparatively  free  from  aqueous  vapour.  When 
the  straw  on  which  the  pans  were  laid  became  wet,  it 
was  always  chang*^d  for  dry  straw;  and  the  reason  Wella 
aseigued  for  this  was,  that  the  straw,  by  being  wetted,  was 
rendered  more  compact  and  efficient  as  a  conductor.  This 
may  have  been  the  case,  but  it  is  also  certain  that  the 
vapour  rising  from  the  wet  straw,  and  overspreadiug  the 
pans  like  a  screen,  would  check  the  chill,  and  retard 
the  congelation. 

With  broken  health  WclU  pursued  and  completed  thia 
beautiful  investigation ;  and,  on  the  brink  of  the  grave, 
be  composed  his  Essay.  It  is  a  model  of  wise  iu([uiry  and 
of  lucid  exposition.  He  made  no  haste,  but  he  took  no 
rest  till  he  bad  mastered  his  subject,  looking  stedfastly 
iuto  it  until  it  became  transparent  to  his  gaze.  Thus  he 
solved  his  problem,  and  stated  its  solution  in  a  fashion 
which  renders  Iiis  work  imperiBhable.* 

The  theory  of  dew  furnished  a  signal  example  of  the 
capacity  of  Wells  as  an  investigator ;  and  he  gave  other 
proofs  of  thi«  capacity.  In  1813  he  read  before  the  Rojal 
Society  a  paper  iu  which  *  he  distinctly  recognised  the 
principle  of  Natural  Selection.*  These  are  the  words  of 
Mr.  Barwin,  who  adds,  that  *  this  is  the  first  recognition 
of  the  principle  that  has  been  indicated.'     It  gave   me 


'  The  tract  of  WelU  is  pr«<!<dod  by  a  pcrsothtl  memoir  written  hy  liim- 
■olf  whkb  liaa  the  soliditj  uf  au  ttunj  of  KunUiignv. 
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lively  gratification  to  alight  upon  this  additional  proof  of 
tlie  penetration  of  a  favourite  author. 

Since  the  time  of  Wells,  various  eicperimenters  have 
occupied  themselves  with  the  question  of  nocturnal 
radiution  ;  liut,  though  valuable  facts  have  been  accumu- 
lated, if  we  txcept  a  supplemeuL  contributed  by  MeUoui, 
nothing  of  importance  has  lief n  added  to  the  theory  of 
Wells.  Mr.  Glaisfaer,  M.  Martins,  and  others,  have 
illustrated  the  subject.  The  following  table  contains  some 
results  obtained  by  Mr.  (jlaisher,  by  exposing  ther- 
mometers at  difiercnt  heights  above  the  surface  of  a 
grass  field.  The  chilling  observed  when  the  thennometer 
was  exposed  on  long  grass,  is  represented  by  the  number 
1000;  while  the  succeeding  numbers  represent  the  re- 
lative chilling  of  the  thermometers  placed  in  the  positions 
indicated  :— 

IWIteUoo. 

Long  gtHM 

One  inch  abore  Lho  poiota  of  the  grasa  , 
Two  iochM  „  „ 


ThrM  incb«« 
Six  inchei 
One  fbot 
Two  feet 
Four  fiMt 
Six  feet 


1000 

C7I 

670 

477 

383 

139 

M 

99 

63 


It  may  be  asked  why  tlie  thermometer,  which  b  a 
good  radiator,  is  not,  when  suspended  in  the  air,  just  as 
much  chilled  as  at  the  earth's  suiface.  Wells  has  answered 
this  quei^tion.  It  is  because  the  thermometer,  when 
chilled,  cools  the  air  in  immediate  contact  with  it ;  this 
air  contract*,  becomes  beaxy,  and  defends,  llius  allowing 
its  place  to  be  taken  by  warmer  air.  In  this  way  the  free 
thermometer  is  prevented  from  falUug  yery  low  beneath 
the  t^^mperature  of  the  air.  Hence,  also,  the  necessity  of 
a  still  night  for  the  copious  formation  of  dew ;  fur,  when 
the  wind  blows,  fresh  air  continually  oironlatos  amid  the 
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blades  of  ginss,  and  prevents  any  considerable  chtUiDg  by 
radiation. 

When  a  radiator  is  exposed  to  a  clear  eky,  it  tends 
to  keep  a  certain  therm ome trie  distance,  if  the  term  may 
be  used,  between  its  temperature  and  that  of  the  sur- 
rounding air.  This  distance  will  depend  upon  the  energy 
of  the  radiator,  but  it  is  to  a  great  extent  independent 
of  the  temperature  of  the  air.  ThuH  M.  Pouillet  has 
proved  that  in  the  month  of  April,  when  the  temperature 
of  the  air  was  3*6'  C,  Bwansdown  fell  by  radiation  to 
— S'S";  the  whole  chilling,  therefore,  was  7*1°.  In  the 
month  of  June,  when  the  temperature  of  the  air  was 
IT'TS**  C.»  the  temperature  of  the  radiating  swanKdown 
was  10*54°;  Uie  chilling,  by  radiation,  is  here  7'2\'*j 
almot<t  precisely  the  »ame  as  that  which  occurred  in 
ApriL  Thus,  while  the  general  temperature  varies  within 
wide  limits,  the  difference  of  temperature  between  the 
radiating  body  and  the  surrounding  air  remains  sensibly 
constant. 

These  facta  enabled  Melloni  to  make  an  important 
addition  to  the  theory  of  dew.  l£e  found  that  a  glass  ther- 
mometer, placed  on  the  ground,  is  never  chilled  more  than 
2®  C,  or  3*6'  F.,  below  an  adjacent  thermometer,  with 
silvered  bulb,  which  hardly  radiates  at  all,  These  2°  C, 
or  thereabouts,  mark  the  thermometric  distance  above  re- 
ferred to,  which  the  glass  tends  tcf  preserve  between  itself 
and  the  surrounding  air.  But  Six,  Wilson,  Wells,  Tarry, 
Score«by,  Glaisher,  and  others,  have  found  diflferences  of 
more  than  10°  C,  or  18°  F.,  between  a  thermometer  on 
grasp,  and  a  second  thermometer  hung  a  few  feet  above  the 
grass.  How  »8  this  to  be  accounted  for?  Very  simply, 
according  to  Melloni,  thus :  The  grass  blades  6rst  chill 
themselves,  by  radiation,  2°  C.  below  the  surrounding  air ; 
the  air  is  then  chilled  by  contact  with  the  grass,  and  forms 
Kfoupd  it  a  cold  aerial  bath.     But  the  tendency  of  the 
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grass  is  to  keep  the  above  constant  difference  between  iU 
own  temperature  and  that  of  the  surroundiog  medium.  It 
therefore  sinks  lower.  The  air  sinkB  in  its  turn,  being 
still  fiu-ther  chilled  by  contact  with  the  grass  ;  the  grass, 
however,  seeks  to  re-eatablish  the  former  difference ;  it  is 
again  followed  by  the  air,  and  thus,  by  a  series  of  inter- 
actions, the  entire  stratum  of  air  in  contact  with  the 
grass  becomes  lowered  to  a  temperature  far  below  that 
which  corresponds  to  the  actual  radiative  energy  of  the 
grass. 

Many  futile  attempts  have  been  made  to  detect  the 
warmth  of  the  moon.  No  doubt  every  luminous  ray  is 
ftlso  &  beat-ray ;  but  the  light-giving  power  is  not  even 
an  approximate  measure  of  the  cAloriHc  energy  of  a  beam. 
With  a  large  polyzonal  lens,  Melloni  converged  an  image 
of  the  moon  upon  his  pile;  but  he  found  the  cold  of  his 
lens  far  more  than  sufficient  to  maak  the  heat  thus  pro* 
duced.  He  screened  off  his  lens  from  the  heavens,  placed 
his  pile  in  the  focus  of  the  lens,  waited  until  the  needle 
came  to  zero,  and  then  removing  his  screen,  allowed  the 
concentrated  light  to  strike  his  pile.  The  sHght  air- 
draughts  of  the  place  were  sufficient  to  disguise  the  effect. 
He  then  stopped  the  tube  in  front  of  his  pile  with  glas* 
Bcreensf,  through  which  the  light  went  freely  to  the  ingtni- 
ment,  where  it  was  converted  into  heat.  This  fusat  could 
not  get  bach  thr&iitjk  the  gUtaa  screen^  and  thus  Melloni, 
imitating  Dc  Saussiire,  accumulated  hia  effects,  and  ob- 
tained a  galvanometric  deflection  of  3**  or  4"  of  heat. 

Hy  far  the  greater  part  of  the  heat  emitted  by  the  full 
moon  must  consist  of  obscure  rays,  and  these  are  almost 
wholly  absorbed  by  our  atmospheric  vapour.  Even  such 
rays  as  might  be  able  to  cross  the  earth's  atmosphere  would 
be  utterly  cut  off  by  such  a  lens  as  Melloni  made  use  of. 
It  might  be  worth  while  to  make  the  experiment  with  a 
metallic  refleotor,  instead  of  with  a  lens.     I  have  myself 
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tried  a  conical  reflector  of  very  large  dimensiong,  but  have 
hitherto  been  defeated  by  the  unsteadiness  of  London 
air.* 


THB   SUIT. 

We  have  now  to  turn  our  thoughts  to  the  source  from 
which  terrestrial  and  lunar  heat  is  almost  wholly  derived. 
This  source  is  the  sun ;  for  if  the  earth  has  ever  been  a 
molten  sphere,  which  is  now  cooling,  the  quantity  of  heat 
reaching  its  surface  from  within  haa  long  ceased  to  be 
sensible.  First,  then,  let  us  inquire  what  is  the  constitu- 
tion of  this  wondrous  body,  to  which  we  owe  berth  light 
and  life. 

We  will  approach  the  subject  gradually,  preparing  our 
minds,  by  previous  discipline,  for  the  treatment  of  so 
great  a  problem.  Vou  already  know  how  the  spectrum  of 
the  electric  light  is  formed.  Such  a  spectnim  is  now  upon 
the  screen,  with  all  its  magnificent  gradations  of  colour, 
one  passing  into  the  other,  without  solution  of  continuity. 
The  light  from  which  this  spectrum  is  derived,  is  emitted 
from  the  solid  incandescent  carl)on-points  witliin  our 
electric  lamp.  All  other  white-hot  solids  give  a  similar 
spectrum.  When,  for  example,  a  platinum  wha  is  heated 
to  whiteness  by  an  electric  current,  and  when  its  light  is 
eiamined  by  a  prism,  the  same  gradations  of  colour  are 
found,  no  gap  whatever  existing  between  one  colour  and 
another.  But  by  intense  heat — by  the  heat  tif  the  electric 
lamp,  for  example — we  can  volatilise  a  metal,  and  throw 
upon  the  screen,  not  the  spectrum  of  the  incandescent 
solid,  but  of  ita  incandescent  vapour.  The  spectrum  is 
completely  clianged  ;  instead  of  being  a  continuous  grada- 

'  With  bis  great  reflecting  tclesccpe  Lord  Itutiso  hits  amcs  treated 
tliia  quoaltoa  exhaaatirolj.  Se  detcnnioed  tha  r&iliiuil  heal  of  tho  noon, 
not  oalj  when  full,  but  daring  tta  rariou  phiisM. 
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tion  of  colourfi,  it  conmHts  of  a  series  of  l^iUiaut  lines. 
Beparated  from  each  other  by  spaces  of  darkness. 

The  lower  piece  of  carbon  liere  employed  is  a  cylinder, 
about  half  an  inch  in  diameter,  in  the  top  of  which  ia 
scooped  a  small  hollow.  Into  this  hollow  is  put  a  piece  of 
zinc.  When  the  upper  carbon-point  is  brought  down  upon 
the  zinc  the  current  passes ;  and  when  the  poiota  are 
after^vard^  drawn  apart,  a  stream  of  purple  light  passes 
between  them.  That  coloured  stream,  the  magnified 
image  of  which  is  fidly  eighteen  inches  lon^,  is  zino 
vapour ;  it  contains  the  molecules  of  the  zinc  dischai^ed 
across  from  carbon  to  carbon.  I'hese  are  now  oscillating 
in  ccrtiiin  definite  periods,  and  the  colour  which  we 
ceive  is  the  composite  impression  produced  by  their 
cillatioDs. 

Kesolving,  by  ii  prism,  the  light  of  the  arc  into 
component  colours,  we  have  no  lougcr  a  continuous  spec- 
trum, but  splendid  bands  of  red  and  blue  light, 

1  int^irrupt  the  current,  remove  the  zinc,  and  put  in 
its  place  a  piece  of  copier.  On  forming  the  arc  we  obtain 
a  stream  of  green  light,  which  can  be  analysed  like 
the  purple  light  of  the  zinc.  In  the  spectrum  of  the 
copper  we  have  bands  of  brilliant  green,  which  were 
absent  in  the  case  of  zinc.  We  may  therefore  infer,  with 
certainty,  that  the  atoms  of  copper,  in  the  voltaic  arc, 
vibrate  in  periods  ditlerent  from  those  of  zinc.  Let  oi 
now  inquire  how  these  difTerent  Tibrations  affect  each 
other,  when  we  operate  upon  a  substance  composed  of  zino 
and  copper,— the  fiimiliar  substance  brass.  Its  spectrum 
is  now  before  you,  and  if  you  have  retained  the  impression 
made  by  our  last  two  experiments,  you  will  recognise  in 
this  spectrum  the  superposition  of  the  two  separate  spectra 
of  zino  and  copper.  The  alloy  emits,  without  confusion, 
the  rays  peculiar  to  both  the  metals  of  which  it  ia  com- 
posed. 
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Every  metal  pmitfl  its  own  system  of  bands,  which 
arc  as  characteristic  as  those  other  physical  and  chi^niical 
qualities  which  give  it  its  individuality.  By  a  method  of 
experiTnent  sufficiently  refined,  we  can  measure,  acciirately, 
the  position  of  the  bright  lines  of  every  kuowu  metal. 
Acquainted  with  such  lines,  we  should,  by  the  mere  in- 
spection of  the  spectnim  of  any  single  metal,  be  able  at 
once  to  declare  itfl  name.  Not  only  bo,  but  in  the  case  of 
a  mijEed  spectrum  we  should  be  able  to  declare  the  con- 
stituents of  the  mixture  from  which  it  emanated.  From 
the  exhibition  of  unknown  lines,  the  existence  of  new 
metals  has  been  inferred.  Bunsen  and  KirchhofT,  for  ex- 
ample, thus  discovered  Caesium  and  Rubidium;  and  Mr. 
Crookes,  l»y  tlie  same  method,  discovered  Thallium,  which 
fpvcs  us  a  single  line  of  brilliant  green. 

This  law  is  true,  not  only  of  the  metaU  themselvec,  but 
also  of  thnir  compounds,  if  they  be  volatile.  I  place  a  bit 
of  sodium  on  the  lower  cylinder,  and  cause  the  voltaic 
discharge  to  pass  from  it  to  the  upper  carbon-point ; 
the  resultant  spectrum  yields  a  Ixmd  of  brilliant  yellow. 
With  greater  delicacy  of  experiment  that  band  might  be 
divided  into  two,  with  a  narrow  dark  interval  between 
them.  A  still  greater  amount  of  precision  wouh!  further 
subdivide  the  yellow  band.  I^et  us  now  remove  the 
sodium  &om  the  lamp  and  put  in  its  place  a  little  common 
salt,  or  chloride  of  sodium.  At  thia  high  temperature 
the  sodium  is  liberated,  and  it  produces  the  exact  yellow 
band  yielded  by  the  pure  metal.  Thus,  also,  from  the 
chloride  of  strontium,  we  obtain  the  bands  of  the  metal 
strontium;  and  by  means  of  the  chlorides  of  calcium, 
magnesium,  and  lithium,  we  produce  the  spectra  of  these 
respective  metald. 

Displacing  our  carl)on  cylinder  by  another  perforated 
with  holes,  into  which  is  crammed  a  mixture  of  all  the 
compounds  just  mentioned,  we  obtain  all  the  correspond- 
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ing  spectra.  Each  substance  gives  out  ita  own  peculiar 
raya,  which  cut  the  spectrum  into  transverse  bars  of 
richly  coloured  light.  Having  previously  made  your- 
feclvea  acquainted  with  the  lines  emitted  by  all  the  metals, 
taken  separately,  you  would  be  able  to  unravel  this 
composite  epectrnm,  and  to  name  the  metals  concorned  in 
its  production. 

The  voltaic  arc  is  here  employed  simply  Iwcause  ita 
U^ht  is  so  intense  as  to  be  visible  to  a  large  audience  like 
the  present ;  but  the  same  experiments  might  \*e  made 
with  a  common  blowpipe  flame.  The  introduction  of 
sodium,  or  chloride  of  sodium,  turns  the  flame  yellow ; 
strontium  turns  it  red  ;  copper,  green,  &c.  Tlie  flamea 
thus  coloured,  when  examined  by  a  prism,  show,  in  general, 
the  exact  bands  which  have  been  displayed  before  you.' 

"We  have  here,  then,  the  radiati<yti  of  definite  groups  of 
rays  by  incandescent  vapours.  I-ct  us  now  turn  our 
attention  to  the  absorption  of  definite  groups  of  rays  by 
gasemiLs  substances.  A  famous  experiment  of  Sir  David 
Urewster's,  thrown  into  a  form  suited  to  the  lectt ire-room, 
will  illustrate  tiiis  power  of  selection,  into  a  cyliudert 
whose  ends  are  stoppt^  by  pbites  of  glasSy  is  introduced 
a  quantity  of  nitrous  acid  gas,  the  presence  of  which  is 
indicated  by  ita  rich  brown  colour.  Projecting  a  brilliant 
spectrum  on  the  screen,  and  placing  the  cylinder,  contain- 
iug  the  brown  gus,  in  the  path  of  the  beam  as  it  issaes 
from  the  lamp,  the  continuous  spectrum  is  set*u  furrowed 
by  numerous  dark  bands.  Tlie  rays  answering  to  these 
bands  are  intercepted  by  the  nitric  gas,  while  it  permit* 
the  inturvening  bands  of  light  to  pass  without  hindrance. 


'  The  ipleodid  blno  band  of  Lithium  wiu  diaeoTerpd  bf  mouu  of  th» 
iiluctric  UrapoDtba  oceasion  hen  Tefuimd  to;  ahuwiiig,  in  oppomttoB  to 
tho  b«iiof  preriooatj  entertaiai^d,  that  tb«  naiober  of  th«  bttixU  ta  not 
independent  of  t«iiipcntaro.  ThU  snbjoct  hoa,  of  laK,  Kceired  importAiit 
oxpoiuioos. 


TXtn.  XTU. 


SPECTRl'M  AXALTSI3. 


GOD 


We  now  come  to  the  great  principle  on  wliioh  these 
phenomena  depend,  and  which  we  have  already,  in  part, 
iUuntrated  by  our  experiments  on  the  radiation  and  absorp- 
tion of  heat  by  gaseous  matter.  This  principle,  first  fully 
announced  by  Professor  Kirchhoff,  i«,  that  a  gas,  or 
vaptyuTj  ahsn-rba  those  precise  rays  which  it  can  itself 
emit.  Aboin%  which  swing  at  a  certain  rate  intercept 
waves  which  swing  at  the  same  rite.  The  atoms  which 
vibrate  red  light  will  stop  red  light ;  the  atoms  that 
vibrate  yellow  will  stop  yellow ;  those  that  vibrate  green 
will  atop  green,  and  so  of  the  rest.  Absorption,  you 
already  know,  ia  a  transference  of  motion  from  the  ether 
to  the  molecules  immersed  in  it,  and  the  absorption  of  any 
atom  is  exerted  chiefly  upon  those  waves  which  arrive  in 
periods  coincident  with  iti!  own  rate  of  oscillation. 

Let  us  endeavour  to  prove  this  experimentally.  We 
already  know  that  a  sodium-flame,  when  analysed,  gives  a 
brilliant  baud  of  yellow.  This  shallow  tin  vc-ssol  contains  a 
mixture  of  alcohol  and  water ;  when  the  mixture  is  warmed, 
its  vapour  can  be  i^ited,  and  it  then  gives  a  flame  so  feebly 
Iikminotis  as  to  be  scarcely  visible.  Hy  mixing  salt  with 
the  liquid,  and  again  igniting  it,  the  flame,  which  a 
moment  ago  was  scarcely  to  be  seen,  becomes  a  Rtmng 
yellow.  Projecting  a  continuons  spectnim  ujwn  the 
screen,  I  place  in  the  track  of  the  beam,  as  it  issues 
from  the  electric  lamp,  the  yellow  sodium-flame.  If  you 
obscr^•e  the  spectnim  narrowly,  you  will  see,  in  the  yellow. 
u  flickering  grey  Ijand,  very  faint,  but  snfllioient  to  show 
that  the  flame  has,  at  least  in  part,  intercepted  the  yellow 
of  the  spectnim :  it  has  partially  absorbed  the  preciae 
light  which  it  can  itstlf  emit. 

But  the  effect  can  be  made  much  plainer.     Abandoning 

the  aalt-flame,  I  place  the  intensely  hot  flame  of  a  Bunaen's 

burner,  i,  fig.  124,  in  front  of  the  lamp,  so  that  the  beam, 

whose  decomposition  is  to  form  onr  spectrum,  shall  pass 
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through  the  flame.  In  a  little  spoon  of  platinum-foil  I 
place  a  bit  of  the  metal  sodium,  about  the  size  of  a  pea- 
After  forming  the  spectrum  by  the  prisma  p,  I  inlroduoe 
the  platinum  spoon,  contaioiDg  the  sodium,  into  the 
Bunsen  flame.  The  sodium  instantly  colours  the  flame 
intensely  yellow,  and  already  a  shadow  is  seea  coming  over 

Fn.  124.  * 


the  yellow  of  the  spectrum.  But  the  effect  is  not  yet  at 
its  maximum.  After  a  little  time  the  sodium  bursts  into 
intense  combustioD,  discharging  a  vast  amount  of  vapour. 
At  the  same  moment  the  yellow  of  the  spectrum  is  utterly 
abolished,  a  bar  of  intense  darkness,  n,  taking  ita  place.' 
On  withdrawing  the  sodium,  the  yellow  reappears  upon  the 


*  Bt'forv  tryioK  ttie  cnmliuation  of  the  motal,  1  bod  triid  Lha  nlWlUma 
in  a  trodf^h  ton  fp(*t  long :  the  offect,  bowvvor,  u  Ur  inferior  to  that 
Ktt&med  l)j  till)  eombQKtiuo  of  the  metnL  Tho  oxperimeDtinu  firft  mwla 
daring  mj  prepAmtion«  for  ft  Frklitj  bTtniag  diieuurw  OS  Om  'Fhjneal 
Baida  of  Solar  Chcmistnr,'  given  in  Jtrno,  IMl. 
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screen ;  on  reintroducing  it,  tbe  hand  is  again  cut  out. 
That  may  be  done  tea  time^^  sucoession,  and  in  the 
whole  range  of  optica  there  ia  scarcely  a  moje  Rtriking 
experiment.  We  have  thuB  concluaively  proved  that  the 
light  which  the  sodium-flame  absorbs  is  tbe  light  which  it 
can  emit. 

Let  us  be  still  more  precise.  The  yellow  of  the 
spectrum  spreads  over  a  certain  interval,  and  we  have  now 
to  examine  whetlier  it  is  not  the  particular  portion  of  the 
yellow  emitted  by  tbe  sodium,  that  is  absorbed  by  its  flame. 
I  place  a  little  brine  on  the  ends  of  the  carbon-points ; 
the  continuoua  spectrum  is  now  seen  with  thn  yellow  bund 
of  the  sodium  brighter  than  the  rest  of  the  yellow.  When 
tbe  sodium-flame  is  placed  in  front,  that  particular  luind, 
hich  now  stands  out  from  the  spectrum,  is  cut  away. 

Vou  have  already  seen  a  spectrum  derived  from  a  mix- 
ture of  various  substances,  and  composed  of  a  succession 
of  sharply  defined  and  brilUaul  bars.  Supposing  the  com- 
posite vapour  which  produces  these  bars  placed  in  the 
path  of  a  beam  produciug  a  continuous  spectrum,  we  should 
out  out  of  the  latter  tljc  precise  rays  emitted  by  the  com- 
ponents of  the  mixture.  We  should  thus,  instead  of 
furrowing  t!ie  spectrum  by  a  single  dark  band,  as  in  the 
cose  of  sodium,  furrow  it  by  a  series  of  dark  bands,  equal 
in  mmi1)er  to  the  bright  bands,  produced  by  the  mixttu-e 
itself,  when  employed  as  a  souice  of  light. 

We  now  possess  knowledge  sufficient  to  enable  us  to 
rise  to  the  level  of  one  of  the  most  remarkable  generalisa- 
tions of  our  age.  When  the  light  of  the  sun  is  properly 
decompoBed,  the  spectrum  ia  seen  furrowed  by  innumer- 
able (lark  lines,  A  few  of  these  were  observed  for  the 
first  time  by  Dr.  Wollaston  j  but  they  were  investigated 
with  profonml  skill  by  Fraunhofer,  ami  called,  after 
him,  Frauuhofer's  lines.  It  had  long  been  supposed  that 
these  dark  bands  were,  in  some  way,  due  to  the  absoqH 
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tion  of  the  light  which  correspomU  to  them,  by  the  at^ 
mosphero  of  the  sun ;  bat  nobody  knew  how.  Having 
once  proved  thnt  an  ia  can  descent  vapoitr  absorbs  the  pre- 
cise rays  which  it  can  it«elf  emit,  aud  knowing  that  the 
body  of  the  sun  is  siirronnded  by  an  incandescent  photo- 
sphere, the  supposition  at  once  Hashes  on  the  mind,  that 
this  flaming  envelope  may  cut  off  those  rays  of  the  central 
incandescent  orb,  which  the  photosphere  itself  can  emit. 
We  are  thus  led  to  a  theory  of  the  constitution  of  the  sun, 
which  renders  a  complete  account  of  tbe  lines  of  Fraun- 
hofer. 

The  Sim,  according  to  KirchliolT,  consists  of  a  central 
orb,  molten  or  solid,  of  excee<ling  brightness,  which 
emits  all  kinds  of  rays,  and  woidd  therefore,  if  unhindered, 
give  ft  continuous  spectrum.  The  radiation  from  the 
nucleus,  however,  has  to  pass  through  the  photosphere, 
od  this  vaporous  envelope  cuts  off  those  particular  rays 
of  the  nucleus  which  it  can  itself  emit — the  lines  of 
Fraunhofer  marking  the  position  of  the  failing  rays.  Could 
we  abolish  tlie  central  orb,  and  obtain  the  spectrum  of 
the  gaseous  envelope  alone,  we  should  obtain  a  striped 
fipectnim,  each  bright  Irand  of  which  would  coincide  with 
one  of  Fraunhofer*8  dark  lines.  These  lines,  therefore, 
are  spaces  of  relative^  not  of  absolute  darkness;  upon 
them  the  rays  of  the  absorbent  photosphere  fall;  but 
these,  not  being  sufficiently  intense  to  make  good  the 
light  intercepted,  the  spaces  which  they  illuminate  are 
dark,  in  comparison  to  the  general  brilliancy  of  the 
spectrum. 

It  has  long  been  supposed  that  the  sun  and  planets 
have  had  a  common  origin,  and  that  hence  the  same 
siibKt.inces  are  common  to  them  all.  Can  we  then  detect 
the  presence  of  any  of  otir  terrestrial  substances  in  the 
sun  ?  We  have  leanied  that  the  bright  bands  of  a  metal 
are  chararteristle  of   the  metal;    thnt  we   can,    witlioiit 
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seein^f  the  metal,  declare  its  name  from  the  inspection  of 
its  bands.  The  handa  are,  so  to  speak,  the  voice  of  the 
metAl  declaring  its  presence.  Hence,  if  any  of  our  ter- 
restrial metals  be  contained  in  the  son's  atmosphere,  tlie 
dark  lines  which  they  produce  ought  to  coincide  exactly 
with  the  bright  lines  emitted  by  the  vnpoiir  of  the  metal 
itself.  About  sixty  bright  lines  have  l)een  determined  as 
belonging  to  the  single  metal  iron.  If  the  light  from  the 
incandescent  vapour  of  iron,  obtaiucd  by  pas:dng  electric 
sparks  between  two  iron  wires,  be  allowed  to  pass  through 
one  half  of  a  fine  slit,  and  the  light  of  the  sun  tlirough 
the  other  half,  the  spectra  from  both  soiircea  of  light 
may  be  placed  one  underneath  tlie  other.  When  this  is 
done,  it  is  found  that  for  every  bright  line  of  the  iron 
spectrnm  there  is  a  dark  line  of  the  solar  spectrum.  Reduced 
to  '  actual  calculation,  this  means  that  the  chances  are 
more  than  1,000,000,000,000,000,000  to  1,  that  iron  is  in 
the  atmoephere  of  the  sun.  Comparing  in  the  same 
manner  the  spectra  of  o1  her  metals.  Professor  Kirchhoff, 
to  whose  genius  we  owe  this  splendid  generalisation,  finds 
iron,  calcium,  magnesium,  sodium,  cliromium,  and  many 
other  metals,  in  the  solar  atmosphere. 

We  can  imitate,  in  a  way  more  precise  than  that 
hitherto  employed,  the  solar  constitution  here  supposed. 
In  the  electric  lamp  is  placed  a  cylinder  of  carbon  about 
half  an  inch  thick  ;  and  round  its  upper  wige  a  ring  of 
sodium,  the  central  portion  of  the  cylinder  being  left 
clear.  I  bring  down  the  upper  carbon-point  upon  the 
middl?  of  the  cylinder,  thus  producing  the  ordinary  elec- 
tric light.  Its  proximity  to  the  so<lium  is  Buflicient  to 
volatilise  the  latter,  and  thus  the  little  central  sun  is  sur- 
rounded with  an  atmasphere  of  sodium  vapour,  as  the 
real  sun  is  surrounded  by  its  photosphere.  The  yellow 
band  is  absent  in  the  spectrum  of  this  light.' 

*  At  this  time  (Jnoo  1861)  tha  ex{«rimoQt  uf  |)Iiidnga  bit  of  sodraiit 
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QPANTTTT   OF   SOLAR    HEAT. 

The  quantity  of  beat  emitted  by  the  sun  has  beoo 
measured  by  Sir  John  Herschel  at  the  Cape  of  Good  Hope, 
and  by  M.  Poiiillet  in  Paris.  The  agreement  between  the 
measxirements  of  both  is  very  remarkable.  Sir  John 
HerBchel  found  t)ie  direct  heating 
effect  of  a  vertical  sun,  at  the  sea 
levelj  to  be  competent  to  melt 
0'00754  of  an  inch  of  ice  prr 
minute ;  while,  according  to  M. 
fa  Pouillet,  tlie  quantity  is  OMX)703 
of  an  inch.  The  mean  of  t}ie 
detenninations  cannot  be  far  from 
the  truth  ;  and  this  gives  0*00729 
of  aa  inch  of  ice  per  minute,  or 
nearly  half  an  inch  per  hour.  Be- 
fore you  (fig.  125)  I  have  placed 
an  instrument,  similar  in  form  to 
that  used  by  M.  Pouillet,  and  called 
by  him  a  pyrheliometer.  The 
particular  instrument  wluch  you 
now  see  is  composed  of  a  shallow 
cylinder  of  steel  a  a,  filled  with 
mercury.  Into  the  cylinder  is  in- 
troduced the  thermometer,  d,  the 
stem  of  which  is  protected  by  a 
The  fiat  end  of  the  cylinder  is  to 
be  turned  towards  the  sun,  and  the  surface  thus  presented 
is  coated  with  lampblack.  By  means  of  a  collar  and 
screw,  c  c,  the  instrument  may  be  attached  to  a  stake 


piece  of  brass  tubing. 


lUco  tho  bit  of  tine  A&d  copper  alnftdj  rrforrad  to,  on  the  top  of  Lb«  to 
cjlin()«r  of  the  lump,  was  repeotodlj  muda,  the  dark  bsad  being  pnxloead. 
Tbe  form  dcacribed  sbora  mu  girea  to  Uis  ezpprimant,  simply  to  rvadtf  iti 
rewmbUncfl  to  the  eifbct  of  tka  eolor  Atnuupbora  moro  apponoL. 
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driven  into  the  ground,  or  into  the  roow,  if  the  ohserva- 
tJona  are  made  nt  considerable  heights.  Tt  is  neceasary 
that  the  surface  which  receivea  the  sun's  rays  should  be 
perpendicular  to  them,  and  this  is  secured  by  attaching  to 
the  bra«s  tube  which  shields  tlic  stem  of  the  thermometor, 
a  disk,  ee,  of  precisely  ilie  same  diameter  as  the  steel  cy- 
linder, a  o,  M^en  the  shadow  of  the  cylinder  accurately 
covers  the  disk,  we  are  sure  that  the  rays  fall,  as  perpen- 
diculars, on  tlie  upturned  surface  of  the  cylinder. 

The  olwervations  are  made  in  the  following  manner : — 
First,  the  instrument  is  permitted,  not  to  receive  the 
sun's  rays,  but,  to  radiate  its  own  heat  for  five  minutes 
against  an  imclnuded  part  of  the  firmament;  the  de- 
creaf*  of  the  temperature  of  the  mercury  consequent  on 
this  radiation  being  noted.  Next,  the  surface  is  turned 
towards  the  sun,  so  that  the  solar  rays  fall  perpendicularly 
upon  it  for  five  minutes — the  augmentation  of  tem- 
perature being  noted.  Kinnlly,  the  instrument  is  turned 
%gaia  towards  the  firmament,  away  from  the  sim,  and 
allowed  to  radiate  for  another  fire  minutes,  tlic  sinking 
of  the  thermometer  being  noted  as  before.  You  might, 
perhaps,  suppose  that  exposure  to  the  sun  alone  would  be 
sufficient  to  determine  the  heating  power;  but  we  must 
not  forget,  that  during  the  whole  time  of  exposure  to  the 
8im*B  action,  the  blackened  surface  of  the  cylinder  is  also 
radiating  into  space ;  it  is  not  therefore  a  case  of  pure 
gain  :  the  heat  received  from  the  sun  is,  in  part,  thus 
wasted,  even  while  the  experiment  is  going  en ;  and  to 
find  the  quantity  thus  lost,  the  first  and  last  experiments 
are  needeil.  In  order  to  obtain  the  wholo  heating  power  of 
the  sun,  we  must  add  the  quantity  lost  during  the  time 
of  exposure,  and  this  quantity  is  the  mean  of  He  first  and 
last  observations.  Supposing  the  letter  r  to  represent  the 
augmentation  of  temperature  by  five  minutes*  exposure 
to  the  sun,  and  that  t  and  f  represent  the  reductions  of 
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temperature  observed  before  and  after,  then  U>e  whole  force 
of  the  sun,  vhich  we  may  call  t,  would  be  thus  expressed : 

3 

The  area  of  the  sut^icc  on  which  the  sun's  rays  here 
&U  is  known ;  the  quantity  of  mercurj*  within  the  cylinder 
is  also  known;  henoe,  we  can  express  the  effect  of  the 
sun's  heat  upon  a  given  area,  by  stating  that  it  is  compe- 
tent, ill  iive  minutes,  to  raise  bo  much  mercury  or  go  much 
water,  so  many  degrees  in  temperature.  Water,  indeed, 
instead  of  mercury,  was  used  in  M.  Pouillet's  pyrbelicH 
meter. 

The  observaliono  were  made  at  different  hours  of  tlic 
day,  and  consequently,  throuj^h  different  thicknesses  "f 
the  earth's  atmosphere;  augmenting  from  the  minimum 
thickness  at  noon,  up  to  the  maximum  at  6  p.m.,  which 
was  the  time  of  the  latest  observation.  It  was  found  that 
the  solar  energy  diminished,  according  to  a  certAiu  law, 
as  the  thickness  of  the  layer  of  air  increased  ;  and  from 
this  law  M.  Pouillet  was  enabled  to  infer  that  the  absorp- 
tion, if  the  rays  were  directed  downwards  to  his  instrument 
from  the  zenith,  woidd  be  S5  per  cent,  of  the  whole  radia- 
tion. Doubtless,  this  absorption  would  be  chiefly  cxert^l 
upon  the  longer  nndalations  emitted  by  tbo  sun ;  the 
aqueous  vapour  of  our  air,  not  the  air  itself,  being  the 
principal  agfut.  Taking  into  account  the  whole  terres- 
trial hemisphere  turned  towiuds  the  sun,  the  amount  inter- 
cepted by  the  atmospheric  envelope  is  four-tenths  of  the 
entire  railiation.  Thus,  were  the  atmosphere  removed,  the 
illuminated  hemisphere  of  the  earth  would  receive  nearly 
twice  the  amount  of  heat  from  the  sun  that  now  reaches  it. 

The  total  amount  of  eolar  heat  received  hy  the  earth 
in  a  year,  if  distributed  uniformly  over  the  oarth*8  surface, 
would  be  sufficient  to  liquefy  a  layer  of  ice  100  foet  thick, 
corering  the  whole  earth.    The  heat  of  the  sun,  if  used 


i.>XTr.  xvn.     EQOTVALESTS   OF   SOLAR   EMlSSiOS. 


G17 


lo  melt  a  atratum  of  ice  applied  to  the  siiii's  surface, 
would  liquefy  it  at  the  rate  of  2,400  feet  an  hour.  Tt 
would  boil  per  hour  700,000  millions  of  cubic  miles  of 
ice-cold  water.  Expressed  in  another  form,  tlie  heat 
given  out  every  hour  by  the  gun  is  equal  to  that  which 
would  be  generated  by  the  combustion  of  a  layer  of  coal, 
ten  feet  thick,  entirely  surrounding  the  sun ;  hence  the 
heat  emitted  in  a  year  is  equal  to  that  which  would  be 
produced  by  the  combustion  of  a  layer  of  ooal  seventeen 
miles  in  thickness. 

This,  then,  is  the  expenditure  which  has  been  going 
on  for  ages,  without  our  being  able,  in  historic  times, 
to  detect  the  loss,  Wnien  the  tolling  of  a  bell  is  heard 
at  a  distance  the  sonorous  vibrations  are  quickly  waited, 
and  renewed  strokes  are  necessary  to  maintiiin  thu  sound. 
Like  the  bell. 

Die  Soane  tSiit  nnch  alter  Weiro. 

Bub  how  are  its  tones  sustained?  Uow  is  the  perennial 
loss  mude  good  ?  We  are  apt  to  overlook  tlie  wonderful 
in  the  common.  Possibly  to  many  of  us — and  even  to 
[>me  of  the  most  enlightenefl  among  us — the  sun  appears 
las  a  fire,  differing  from  our  terrestrial  fires  only  in  tho 
Flnagnitude  and  intensity  of  its  combustiuu.  But  what  is 
the  burning  matter  which  can  thus  maintain  itself?  Ail 
that  we  know  of  cosmical  phenomena  declares  oiu:  brother- 
hood with  the  sun — affirms  that  the  same  constituents 
enter  into  the  composition  of  his  mass  as  those  already 
known  to  chemistry.  But  no  earthly  substance  with 
which  we  arc  acquainted — no  substance  which  the  fall  of 
meteors  has  landed  on  the  earth — ^would  be  at  all  com- 
petent to  maintain  the  sun*3  combustion.  The  cbemical 
energy  of  such  substances  would  be  too  weak,  and  their 
dissipation  too  speedy.  Were  the  eun  a  block  of  burning 
ooal,  and  were  it  supplied  with  oxygen  sufficient  for  the 
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observed  emission,  it  would  bo  utterly  coDsumed  id  5,000 
year*.  On  the  other  hand,  to  ima^ne  it  a  body  originally^ 
endowed  with  a  store  of  heat — a  hot  globe  now  cooling — 
necessitates  the  ascription  to  it  of  qualities  wholly  different 
from  thoee  posaeesed  by  terrestrial  matter.  If  we  knew 
the  Bpecific  heat  of  the  sun,  we  could  calculate  ita  rate  of 
cooling.  Assuming  the  specific  heat  to  be  the  same  aAj 
that  of  water — the  terrestrial  substance  which 
the  highest  specific  heat — at  its  present  rale  of  emission, 
the  entire  mass  of  the  sun  would  cool  down  15,000°  Fahr. 
in  5,000  years.  In  short',  if  the  sun  be  formed  of  matter 
like  our  own,  some  means  must  exist  of  renewing  ita 
wasted  power. 


KETEO&ic  thkout  of  tus  sun. 

I  have  already  alluded  to  a  theory  of  solar  beat  first 
enunciated  and  developed  by  Dr.  Mayer,  which,  howeTer 
l>old  it  may  at  first  sight  appear,  desen'es  our  aerioiw  i 
attention.  A  special  lecture  will  be  devoted  to  the  labours 
of  the  extraordinary  man  here  referred  to.  Meanwhile  a 
brief  statement  of  his  theory  of  solar  heat  finds  its  nattnal 
position  here,  Besides  comets,  planets,  and  moon^,  a 
numerous  class  of  smaller  bodies  belong  to  our  system 
which,  like  the  planets  and  the  comets,  obey  the  law  of 
gravitation,  and  revolve  in  elliptic  orbits  round  the  sun. 
lb  is  they  which,  when  they  come  within  the  earth's  at- 
mosphere, and  are  fired  by  friction,  appear  to  us  as, 
metAors  and  falling  stars. 

It  xa  easy  to  calculate  Iwth  the  maximum  and  the 
minimum  velocity  imparted  by  the  sun's  attraction  to  an  J 
asteroid  circulating  round  him.  The  maximum  is  gftnernted 
when  the  body  approaches  the  sun  from  an  infinite  dis- 
tance ;  the  entire  pull  of  the  sun  being  then  exerted  upon 
it.     Tlie  minimum  ia  that  velocity  which  would  barely 
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enable  tho  body  to  revolve  round  the  aim  close  to  his  sur- 
face. The  final  velocity  of  the  former,  just  before  striking 
the  8im,  would  be  390  miles  a  second,  that  of  tlie  latter 
276  mile«  a  second.  The  asteroid,  on  strikinjj  the  sun, 
with  the  former  velocity,  would  develope  more  tiian  9,000 
times  the  heat  generated  by  the  combustion  of  an  equal 
a8t4?roid  of  coal ;  while  the  shock,  in  the  latter  case,  would 
generate  heat  equal  to  that  of  the  combustion  of  upwards 
of  4,000  such  asteroids.  It  matters  not,  therefore,  whether 
the  substances  falling  into  the  sun  be  combustible  or  not; 
their  being  combustible  would  not  odd  sensibly  to  the 
tremendous  heat  produced  by  their  mecbanical  collision. 

Here,  then,  we  have  an  agency  competent  to  restore 
his  lost  energy  to  the  sun,  and  to  maintain  a  temperature 
at  his  surface  which  transcends  all  terrestrial  combtiFtion. 
In  the  fall  of  asteroids  we  find  tlie  means  of  producing 
solar  light  and  heat.  It  may  be  contended  that  this 
showering  down  of  matter  necessitates  the  growth  of  the 
sun ;  it  does  so,  but  the  quantity  necessary  to  maintain 
the  observed  calorific  emission  for  4,000  years,  would 
defeat  tlie  scrutiny  of  our  best  instruments.  If  the  earth 
struck  the  sun,  it  woidd  utterly  vanish  from  perception ; 
but  the  heat  developed  by  its  shock  woidd  cover  the  ex- 
penditure of  a  century. 

Whatever  be  the  ultimate  fate  of  this  theory,  it  is 
a  great  thing  to  be  able  to  Htate  the  conditions  which 
certainly  woidd  produce  a  sun, — to  l>e  able  to  discern 
in  the  force  of  gravity,  acting  upon  dark  matter,  the 
source  from  which  the  starry  heavens  viay  have  been 
derived.  For  whether  the  sun  be  produced,  and  his  omis^ 
sion  maintained,  by  the  collision  of  cosmical  masses, — 
whether,  as  held  by  Mayer,  the  internal  heat  of  the  earth 
be  the  residue  of  that  developed  by  the  impact  of  cold 
dark  asteroids,  or  not — there  cannot  bo  a  doubt  as  to  th« 
eompetence  of  the  cause  assigned  to  produce  t-lie  effects 
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Mcribed  to  it.    SoUr  ligfai  ftod  solar  heat  lie  latent  to 
the  force  vhi<^  palls  an  apple  to  the  ground. 


Kayer  poUisbed  bis  essay  in  1848 ;  five  years  af^er- 
wBids  Mr.  Waterstoo  sketehcd,  independently,  a  Eimila 
theory  at  the  Uoll  Meeting  of  the  British  Association. 
The  Transactions  of  the  Boyal  Society  of  Edinburgh  for 
1864  contain  an  extremely  beautiful  memoir,  by  8ir 
William  Thomson,  in  which  Mr.  Waterston'e  sketch  in 
fuUy  developed.  He  considers  that  the  meteor*,  which 
aie  to  furnish  stores  of  energy  for  our  future  sunligltt,  lie 
principally  within  the  earth's  orbit,  and  that  we  see  thee 
there,  as  the  Zodiacal  Light,*  an  illuminated  shower,  or  ' 
rather  tornado  of  stones.* 

Sir  William  Thomson  adduces  the  fuUowing  forcible 
considerations  to  show  the  inadequacy  of  chemical  com- 
bination to  produce  the  snn^s  heat.  *  Let  us  consider,*  he 
says,  *how  much  chemical  action  would  be  required  to 
produce  the  same  effects.  ....  Taking  the  form^-r 
estimate,  2,781  thermal  units  Centigrade  (each  1,390  foot' 
pounds)  or  3,669,000  foot  pounds,  which  is  equivalent 
to  7,000  horse-power,  as  the  rate  per  second  of  emissiu 
of  energy  from  every  square  foot  of  the  sun^s  surface, ' 
find  that  more  than  0*42  of  a  pound  of  coal  per  second, 
1 ,500  lbs.  per  hour,  wotdd  be  required  to  produce  heat  at 
the  some  rate.  Now  if  all  the  fires  of  the  whole  Baltic 
fieet  (this  was  written  in  1854)  were  heaped  up  and  kept 
in  full  combustion  over  one  or  two  square  yards  of  sur&oa, 
and  if  the  furnace  of  a  globe  all  round  had  every  square 
yard  so  occupied,  where  could  a  sufficient  supply  of  air 
oome  from  to  sustain  the  combustion  ?  Vet  such  is  the 
condition  we  must  suppose  the  aun  to  be  in,  according  to 
the  hypothesis  now  under  consideration.  ...  If  the  pro 
ducts  of  combustion  were  gaseous,  they  woidd,  in  ri: 
check  tlie  necessary  supplies  of  fresh  air :  if  they  weia' 
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solid  and  liquid  (as  they  might  be  if  the  fuel  were  metallic) 
tltey  would  interfere  with  the  supply  of  elemeuU  from 
below.  In  either,  or  in  both  ways,  the  fire  would  be 
choked,  aud  I  think  it  may  b»  sufely  affirmed  that  no  such 
fire  could  keep  alight  for  more  than  a  frw  minutes,  by 
any  conceivable  adaptation  of  air  and  fuel.  If  theBun  be  a 
burning  mass  it  must  be  more  analogous  to  burning  gun- 
powder tlian  to  a  firo  burning  in  air ;  and  it  it)  quite  con- 
ceivable that  a  solid  mass,  containing  within  itself  all  the 
elements  required  for  combusUon,  provided  the  products 
of  combustion  arc  permanently  gaseous,  could  burn  otf  at 
its  surface  all  rouud,  and  actually  emit  heat  aa  copiously 
as  the  sun.  Thus,  an  enormous  globe  of  gim-cotton 
might,  if  at  fir»t  cold,  aud  onco  set  on  fire  round  its  surface, 
gut  to  a  permanpnt  rate  of  burning,  in  which  any  intemul 
pait  would  become  heated  sufficiently  to  ignite,  only  when 
nearly  approached  by  the  burning  surface.  It  is  highly 
prolable  indeed  that  such  a  body  might  for  a  time  be  as 
large  as  the  sun  and  give  out  lumiuou^  beat  as  copiously, 
to  be  freely  radiated  into  space,  without  suffering  more 
absorption  from  its  atmosphere  of  transparent  gaseous 
products  than  the  liglit  of  the  Pun  actually  does  ei- 
poricnce  from  the  dense  atmosphere  through  which  it. 
passes.  Let  ua  therefore  consider  at  wliat  rate  such  ti 
body,  giving  out  heat  so  copiously,  would  burn  away; 
tho  heat  of  combustion  would  probably  not  be  eo  much 
as  4,000  thermal  units  per  pound  of  matter  burned, 
the  greatest  thermal  eiiTiivalent  of  chemical  action  yet 
ascertained  falling  considerably  ehort  of  this.  But  2,781 
thermal  units  (as  found  above)  are  emitted  per  second 
from  each  square  foot  of  the  aun ;  hence  there  would  be 
a  lost]  of  about  0-7  of  a  pound  of  matter  per  square  foot 

per   second or   a    layer   half  a   foot   thick  in  a 

minute,  or  55  miles  thick  in  a  year.  At  the  same  rate 
ooDtinued,  a  mass  as  large  as  the  sun  is  at  present  would 
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bum  away  in  8,000  years.  If  the  hud  haa  been  burning  at 
that  rate  in  past  time,  he  must  have  been  of  double 
diameter,  of  tjuadruple  beating  power,  and  of  ei^ht-fold 
mass  only  8,000  years  ago.  We  may  therefore  quite  safely 
oonolude  that  the  sun  does  not  get  its  heat  by  chemical 
action.  .  .  .  and  wo  must  therefore  look  to  the  meteoric 
theory  for  fuel.' 

The  eminent  physicist  I  have  just  qnoted  showed 
at  the  same  time  that  the  conclusion  of  physical  astro- 
nomy is  a5:ainfit  the  idea  of  the  meteoric  matter  being 
extra- planetary.  He  therefore  inferred  that  the  meteors 
which  supply  the  sun  with  beat,  had  existed  long  pre- 
viously within  the  eartli's  orbit.  But  the  researches  of  Lc 
Verrit^r  on  the  motion  of  the  planet  Mercury,  though  they 
indicate  the  existence  of  such  circulating  matter  rotmdthe 
sun,  show  it  to  be  small  in  quantity.  Ifence  Sir  William 
Thomson,  in  18C2,  arrived  at  the  conclusion  thait  if  any 
appreciable  portion  of  the  sun^s  heat  be  due  to  the  present 
raining  down  of  meteoric  matter,  the  matter  must  circulate 
round  the  sim  close  to  his  surface.  But  if  such  matter 
existed,  it  is  difficult  to  imagine  how  bodies  so  attenuated 
as  comets  could  escape  from  the  sun  without  any  sensible 
loss  of  energy  after  having  passed  at  a  distance  &om  his 
surface  less  than  one-eighth  of  his  radius.  Sir  William 
Thomson  therefore  concludes,  that  though  the  sun  was 
formed  by  tho  collision  of  smaller  masses,  tin's  collision 
being  demonstrably  able  to  supply  us  with  twenty  million 
years  of  solar  heat  at  the  present  rate  of  emission,  the 
sun's  expenditure,  though  oriffinated,  is  not  mai^ained 
by  mechanical  impact;  the  low  rate  of  cooling  and  the 
consequent  constancy  of  the  emission  being  now  con- 
sidered by  him  as  due,  in  great  part,  to  the  high  speciBc 
heat  of  the  matter  of  the  sun. 


From  the  6rst  memoir  of  Sir  William  Thomson  (1654) 
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I  extract  the  following  interesting  data,Bhowinp  the  amoimt 
of  heat  equivuleut  to  tlie  rotation  of  the  sun  and  the  orbital 
revolutions  of  the  planets,  or  tlie  amounts  of  heat  which 
would  be  generated  if  a  brake  were  applied  at  the  surface 
of  the  sun,  so  as  to  stop  the  motion  of  rotation,  and  if  the 
planets  were  stopped  in  their  orbits ;  altjo  the  heat  obtain- 
able from  gravitation,  or  that  which  would  be  developed 
by  each  of  the  planets  falling  into  the  sun.  The  quantity 
of  heat  is  erpressed  by  the  time  during  which  it  would 
cover  the  solar  emission. 


Hmt  ol  OnTitaUoB,  •()cuU  to  Soliir 

Hat  at  Bevolatloo,  rqiiRl  to  Fulnr 

emlMloo  ttiTRpatedoC 

emlHlMi  tor  a  (wlad  of 

1 16  jtaxt  6  dajs 

Ubictu7 

6  yean  214  dayi 

16     .. 

Vraw 

S3     „     327     „ 

9ft     » 

£uth 

94    ..     3U3     „ 

81     .. 

Man. 

12     „      262    „ 

7     ,. 

Jiipitar 

32240     .. 

14     .,   144     .. 

SntUTD 

9650     „ 

2     „  137     ,. 

VrtMu 

I6I0     „         .         . 

71     „ 

Neptoue 

1800     „ 

Thus,  if  the  planet  Mercury,  ui-ged  by  gravitation  from 
its  present  distance,  were  to  strike  the  sun,  the  quantity 
of  heat  generated  would  cover  the  solar  emigidon  for  nearly 
seven  years ;  wliilo  the  shock  of  Jupiter  would  cover  the 
loss  of  32,240  years.  Our  earth  would  furnish  a  supply  for 
95  years.  The  heat  of  revolution  of  the  sun  and  planets, 
taken  together,  would  cover  the  solar  emission  fori 34 
years ;  while  the  total  heat  of  gravitation  (that  produced 
by  the  plancta  falling  into  tlie  sun)  would  cover  the 
emission  for  45,589  years. 


Helmholtz,  the  eminent  German  physiologist,  physicist, 
and  mathematician,  takes  a  somewhat  different  view  of 
the  origin  and  maintenance  of  solar  light  and  heat.  He 
starts  from  the  nebular  hypothesis  of  Laplace,  and  assum- 
ing the  nebulous  matter,  in  the  Brst  instance,  to  have  been 
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of  extreme  tenuity,  be  determinea  the  amount  of 
generated  by  its  condenjation  to  tbe  pieseDt  eolar  sy^«m. 
Supposing  the  specific  heat  of  the  condensing  mass  to  be 
the  same  as  that  of  water,  then  the  heat  of  coDdensation 
would  be  sufficient  to  ratee  the  temperature  28,000,000" 
Centigrade.  By  far  the  greater  part  of  thla  beat  was 
wasted,  ages  ago,  in  ^laoe.  Tbe  most  intense  texrestnal 
oombiution  that  we  can  oomtnand  is  that  of  oxygen  and 
hydrogen,  and  the  temperature  of  the  pure  osybydrogeit 
flame  in  8061°  C.  The  temperature  of  a  hydrogen  flame 
burning  in  air,  is  3259°  C. ;  while  that  of  the  lime  Ught, 
which  sliinea  with  such  sunlike  brilliancy,  is  estimated  at 
2000°  C.  \Vliat  conception,  then,  can  we  form  of  a 
temperature  more  than  thirteen  Uiousand  times  that  of 
the  Drummond  light?  If  our  system  were  composed  of 
pure  coal,  and  burnt  up,  the  heat  produced  by  its  com- 
bustion would  only  amount  to  ttVe^  °^  ^^^  generated 
by  tlie  condensation  of  tbe  nebulous  matter,  to  form  out 
solar  system.  Itelmholtz  supposes  this  condensation  to 
continue ;  that  a  virtual  falling  down  of  tbe  sapertidal 
portions  of  the  sun  towards  tbe  ceotre  still  takes  place,  a 
continual  development  of  heat  being  tlie  result.  However 
this  may  be,  he  shows  by  calculation  that  the  shrinking 
of  the  sun's  diameter  by  y^^^^th  of  its  present  length, 
would  generate  an  amount  of  heat  competent  to  cover  the 
solar  emission  for  2U00  years ;  while  the  condensation 
of  tbe  sun  from  its  present  mean  density  to  that  of  the 
earth,  would  have  its  equivalent  in  an  amount  of  heat  com- 
petent to  cover  the  present  solar  emission  for  17,000,000 
years, 

•But,'  continues  Helmholts,  'though  the  store  of 
our  planetary  system  is  so  immense  that  it  has  not  been 
sensibly  diminished  by  the  incessant  emission  which  has 
gone  on  during  the  period  of  man's  history,  and  tJiough 
the  time  which  must  elapse  before  a  sensible  change  in 
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tlie  condition  of  our  planetary  system  can  occur  is  totally 
Ijeyond  our  comprehenBion,  the  inexorable  laws  of  me^ 
chanica  show  that  thia  store,  which  can  only  suffer  loss, 
and  not  gain,  must  tinally  be  exhausted.  Shall  we  terrify 
ourselves  by  this  thouyhl  ?  W©  are  in  the  habit  ol 
measuring  the  greatness  of  the  universe,  and  the  wisdom 
rlisplayed  iii  it,  by  the  duration  and  the  profit  which  it 
promises  to  our  own  race ;  but  the  past  history  of  the 
earth  shows  the  insignificance  of  the  interval  during  which 
man  has  had  his  dwelling  here.  What  the  museums  ot 
Europe  show  us  of  the  remains  of  Egypt  and  Assyria  we 
gaze  upon  with  Kilent  wonder,  in  dejspair  of  being  able 
to  C'lrry  back  our  thoughts  to  a  period  so  remote.  Still, 
the  human  race  must  have  existed  and  multiplied  for 
ages  before  the  Pyramids  could  have  been  erected.  We 
estimate  the  duration  of  human  history  at  6,000  years; 
but,  vast  as  this  time  may  appear  to  us,  what  is  it  in  com- 
parison with  the  period  d^u^Dg  which  the  earth  bore 
successive  series  of  rank  plants  and  mighty  animals,  but 
no  men  ?  Periods  during  which,  in  our  own  neigb!x>ur- 
hood  (Konigsberg),  the  araber-tiee  bloomed,  and  dropped 
its  costly  gum  on  theeartli  and  in  the  sea ;  when  in  Europe 
and  North  America  groves  of  tropical  palms  flourished, 
in  which  gigantic  lizardn,  and,  after  them,  elephants, 
whose  mighty  remains  are  still  buried  in  the  earth,  found 
a  home.  Different  geologists,  proceeding  from  different 
premisses,  have  sought  to  estimate  the  length  of  the  above 
period,  and  they  set  it  down  from  one  to  nine  millions 
of  years.  The  time  during  which  the  earth  had  gene- 
rated organic  beings  is  again  small,  compared  with  the 
ages  during  which  the  world  waa  a  mass  of  molten  rocks. 
The  experiments  of  Bischof  upon  basalt  show  that  our 
globe  would  require  350  millions  cf  years  to  cot>l  down 
from  2000*  to  200"  Centigrade,  And  with  regard  to  the 
period  during  which  the  flxst  nebulous  masses  condensed, 
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to  form  our  planetary  system,  oonjecttu-e  must  entirely 
cease.  The  bl^-tnry  of  man,  therefore,  is  but  a  minute 
ripple  in  the  Infinite  ocean  of  time.  For  a  much  Ion, 
period  than  Ibut  during  which  he  hai)  alreadj  occn 
this  world,  the  eiistence  of  a  stite  of  inorganic  nature, 
fovourable  to  man^s  cuntinuanoe  here,  fieems  to  be  soci 
BO  that  for  ourselves,  and  for  long^  generations  affer  U9,  wr^ 
have  notliing  to  fear.  But  the  same  forces  of  air  and 
water,  and  of  the  volcanic  interior,  which  produced  former 
geologic  revoIutioQR  burning  one  series  of  living  forms 
after  another,  still  act  upon  the  carth*H  crust.  They, 
lather  than  those  distant  cosmical  changes  of  which  we 
have  spoken,  will  put  an  end  to  the  human  race ;  and, 
perhaps,  compel  us  to  make  way  for  new  and  more  com- 
plete forms  of  life,  as  the  lizard  and  the  mammoth  have 
given  way  to  us  and  our  contemporariea.*' 


Seven-aud-forty  years  ago,  the  following  reoiarkabli 
passagt*,  bearing  upon  this  subject,  was  written  by  Sir 
John  Ilerschel.'  'The  sun's  raya  are  the  ultimate  source 
of  almost  every  motion  which  takes  place  on  the  surface 
of  the  earth.  By  its  heat  are  produced  all  winds,  and 
those  disturbances  in  the  electric  equilibrium  of  the  atmo- 
sphere which  gives  rise  to  the  phenomena  of  lightning, 
and  probably  also  to  terrestrial  magnetism  and  the  Aurora. 
By  their  vivifying  action  vegetables  are  enabU'<l  to  draw 
support  from  inorganic  matter,  and  become  in  their  turn 
the  support  of  anim;d$  and  man,  and  the  source  of  tho«t* 
great  deposits  of  ilyituiniciU  efficiency  which  are  laid  up  for 
human  use  in  our  coal  strata.  By  them  the  waters  of  the 
sea  are  mode  to  circulate  in  vupour  through  the  air,  and 
irrigate  the  land,  producing  springs  and  rivers.  By  tliem 
are  produced  all  ditsturbanoes  of  the  chemical  equilibrium 
of  the  elements  of  nature,  which  by  a  series  of  compositions 

'  W^cb»elwirkuai,'Jer  NBliirkrafte,  •  riiil.  Mlft.'  Ser.  IV.  toI.  ix.  p.  61  A. 
*  'OutlioM  of  A»tt\momy,'  1833. 
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and  decompositions  give  rise  to  new  products  and  originate 
a  transfer  of  niHteriais-  Even  the  slow  degradation  of  the 
solid  coustituentd  of  the  surface,  in  wliicb  its  chief  geolo- 
gical change  consists,  is  altnout  entirely  due,  on  the  one 
hand,  to  the  abraiiion  of  wind  or  rain  and  the  alternation 
of  heat  and  frost ;  on  the  other,  to  the  continual  beating 
of  sea  waves  agitated  hy  winds,  the  results  of  solar  radia- 
tion. Tidal  action  (itself  partly  due  to  the  sun's  agency) 
exercises  here  a  comparatively  alight  influence.  The  eflfect 
of  oceanic  currents  (mainly  originating  in  that  influence), 
though  slight  in  abrasion,  is  powerful  in  difTu&ing  and 
transporting  the  matter  abraded ;  and  when  we  consider 
the  immense  transfer  of  matter  so  produced,  the  increase 
of  pressure  over  large  spaces  in  the  bed  of  the  ocean,  and 
diminution  over  corresponding  portions  of  the  land,  wo 
are  not  at  a  loss  to  perceive  how  the  elastic  force  of  subter- 
ranean fires,  thus  repressed  on  the  one  hand  and  released 
on  the  other,  may  break  forth  in  points  where  the  redst- 
anoe  is  barely  adequate  to  their  retention,  and  tluis  bring 
the  phenomena  of  even  volcanic  activity  under  the  general 
law  of  solar  influence.^ 

Tliis  fine  passage  requires  but  the  breath  -of  recent 
investigation  to  convert  it  into  an  exposition  of  the  law  of 
the  conservation  of  energy,  as  applied  to  both  the  organic 
and  inorganic  world.  Late  discoveries  have  (aught  ma 
that  winds  and  rivers  have  their  definite  thermal  valuen, 
and  that,  in  order  to  profluce  their  motion,  an  equivalent 
amount  of  solar  heat  has  been  cansumcd.  White  they 
exist  as  winds  and  rivers,  the  heat  expended  in  producing 
them  has  ceased  io  exist,  being  converted  into  mechanical 
motion ;  but  when  that  motion  is  arrested,  the  heat  which 
produced  it  is  restored.  A  river,  in  descending  from  an 
elevation  of  7,720  feet,  generates  an  amount  of  heat  com- 
petent to  augment  its  own  temperature  10**  Fahr.,  and 
this  amount  of  heat  was  abstracted  from  the  suo,  in  order 
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to  lift  the  matter  of  the  river  to  the  elevation  from  vhtcb 
it  falls.  Aa  long  as  the  river  coDtinaes  on  the  heights, 
whether  in  the  solid  form  as  a  glacier,  or  in  the  liquid 
form  as  a  lake,  the  heat  expended  by  the  snn  in  lifting  it 
has  disappeared  from  the  universe.  Ithaa  been  consumed 
in  the  act  of  lifting.  But  at  the  moment  that  the  river 
starts  upon  its  downward  course,  and  encounters  the  re- 
sistanco  of  its  bed,  the  heat  expended  in  it*  ele\'ation 
begins  to  be  restored.  The  mental  eye,  indeed,  can  follow 
the  emission  from  its  source ;  through  the  ether  as  vibra- 
tory motiou  ;  to  the  ocean,  where  it  ceases  to  be  vibration, 
and  assumes  the  potential  form,  among  the  molecules  of 
atpieoiis  vapour;  to  the  mountain-top,  where  the  bent 
abitorbed  in  vaporisation  is  given  out  in  condensation, 
while  that  expended  by  the  sun  in  lifting  the  water  to 
that  elevation  is  fitill  unrestored.  This  we  find  paid  back 
to  the  last  unit— by  the  friction  along  the  river's  Injd;  at 
the  bottom  of  the  cascades  where  the  phmgo  of  the  torrent 
iit  suddenly  arrested ;  in  the  warmth  of  tlic  machinery 
turned  by  the  river;  iu  the  spark  from  the  milUtone; 
beneath  the  crusher  of  the  miner;  in  the  Alpine  aaw-miil; 
in  tlie  milk-churn  of  the  chalet;  iu  the  supports  of  tlie 
omdie  iu  which  the  mountaineer,  by  water  power,  rocks 
bis  baby  to  sleep.  All  the  forms  of  meohauical  nrotion 
here  indicated  are  simply  the  parcelling  out  of  an  amount 
of  calorific  motion,  derived  originally  from  the  eim ;  and 
wherever  the  mechanical  motion  is  dcstroyed,ordiminijh»l, 
it  is  the  sun's  beat  which  is  restored. 


i 


BNEBfllRS  or  PLAKT8  AND  AKIUALS, 
We  have  thus  far  dealt  with  the  sensible  motions  and 
energies  which  the  aun  produces  and  confers ;  but  there 
are  other  motions  and  energies,  whose  relations  are  Dot  so 
obvious.  Trees  and  v^fetables  grow  upon  the  earth,  and 
when  liurned  they  give  rise  to  heat,  from  which  immense 
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quantities  of  mechanical  energy  are  derived.  Wbat  is  the 
.source  of  this  energy  ?  Let  me  try  to  put  tlie  answer  into 
fplain  wordd.  Ynu  see  this  iron  rust,  produced  l>y  the 
falling  together  of  the  atoms  of  iron  and  oxygen ;  you 
cannot  see  this  transparent  carbonic  acid  gas,  which  ifl 
formed  by  the  union  of  carbon  and  oxygen.  The  atoms 
thus  united  resemble  a  weight  resting  on  the  earth  ;  their 
mutual  attraction  is  satisfied.  But  as  I  can  wind  up  the 
weight,  and  prepare  it  for  another  fall;  even  so  these 
atoms  can  be  wound  up,  separated  from  each  other,  and 
thus  enahled  to  repeat  the  process  of  comhinntion. 

In  the  building  of  plants,  carlxmic  acid  is  the  material 
from  which  the  carbon  of  the  plant  is  derived,  while  water 
is  the  substance  from  which  it  obtains  its  hydrogen.  The 
solar  rays  wind  up  the  weight.  They  sever  the  united 
ktoms,  setting  the  oxygen  free,  and  allnwing  tlie  carbon 
and  the  hydrogen  to  aggregate  in  woody  fibre.  If  the 
sun's  ravs  fall  upon  a  surface  of  sand,  the  sand  in  heated, 
and  finally  radiates  away  as  much  heat  as  it  receives;  let 
the  same  rays  fall  upon  a  forest;  then  the  <jiiantity  of 
heat  given  back  is  Icks  than  that  received,  for  a  portion  of 
the  sunlight  is  invested  in  the  building  of  the  trees.  We 
have  already  seen  how  beat  is  consumed  in  forcing  asunrler 
the  atoms  of  bodies;  and  bow  it  reappears,  when  the 
ttraction  of  the  separated  atoms  comes  again  into  plaj.* 
precise  coiiKiderations  which  we  then  applied  to  heat, 
^we  have  now  to  apply  to  light,  for  it  is  at  the  expense  of 
the  solar  light  that  the  chemical  decomposition  takes 
place.  Without  tlie  sun,  the  reduction  of  the  carbonic 
acid  and  water  cannot  be  effected;  and,  in  this  act,  an 
amount  of  sohir  energy  is  consumed,  exactly  equivalent  to 
the  molecular  work  done, 

Combuetion  is  the  reversal  of  this  process  of  reduction, 
and  all  the  energy  invested  in  a  plant  reappears  as  beat, 
'  Lediire  V. 
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wbea  the  plant  is  burned,  I  ignite  this  bit  of  cotton, 
it  bonta  into  flame;  the  oxygen  again  unites  with  ita 
carbon,  and  an  amount  of  beat  is  giren  out,  equal  to  that 
originally  sacriSced  by  the  eun  to  form  the  bit  of  cotton, 
80  also  as  regards  the  'deposiLs  of  dynamical  efficiency' 
laid  up  in  our  coal  strata;  tliey  are  simply  the  sun's  rays 
in  a  potential  form.  We  dig  from  our  piU,  annually, 
more  than  a  hundred  million  tons  of  coal,  the  mechanical 
equivalent  of  which  is  of  almost  fabulous  vastness.  The 
combustion  of  a  single  poimd  of  coal,  iu  one  minute,  is 
equal  to  the  work  of  three  hundred  horses  for  the  same 
time.  It  would  require  nearly  one  hundred  and  6fty  millions 
of  horses,  working  day  and  night  with  unimpaired  strength 
for  a  year,  to  perform  an  amount  of  work  equivalent  to 
the  energy  which  the  sun  of  the  Carboniferous  epoch  in- 
vested in  one  year's  produce  of  our  coalpits. 

Tbe  fartlter  we  pursue  this  sulject,  the  more  its  interest 
and  its  wonder  grow  upon  us.  You  have  learned  how  a 
sun  may  be  produced  by  the  mere  exercise  of  gmvi 
force  ;  that  by  the  collision  of  cold  dark  planetary 
the  liglit  and  heat  of  our  central  orb,  and  also  of  the 
stars,  may  be  obtained.  But  here  we  find  the  physical 
powers,  derived  or  derivable  from  the  action  of  gravity 
upon  dead  mutter,  intrtjducing  themselves  at  the  veif 
root  of  tbe  question  of  vitality.  We  find  in  solar  light 
and  heat  the  very  mainspring  of  vegetable  life. 

Nor  can  we  halt  at  the  vegetable  world,  for  it,  medi- 
ately or  immediately,  is  the  source  of  all  animal  life. 
Some  animals  feed  directly  on  plants,  others  feed  upon 
their  herbivorous  fellow-creatures ;  but  all,  in  tlie  long 
run,  derive  life  and  energy  from  the  vegetable  world  ;  all, 
therefore,  as  Helmlioltz  hns  remark<-d,  may  trace  their 
lineage  to  the  sun.  In  the  animal  body  the  carUm  and 
hydrogen  of  the  vegetable  are  again  brought  near  the 
oxygen  from  which  they  had  been  divorced,  and  which  i> 
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now  supplied  by  the  lungs.  Reunion  takes  place,  and  ani- 
mal heat  is  the  result.  Save  as  regards  intensity,  there 
is  no  difference  between  the  combustion  that  thus  goes  on 
within  US,  and  that  of  an  ordinary  fire.  The  prothicta  of 
combustion  are  iu  both  cases  the  same,  namely,  carbonic 
acid  and  water.  Looking  then  at  the  physics  of  the  ques- 
tion, we  see  that  the  formation  of  a  vegetable  is  a  process 
of  winding  up,  while  the  formation  of  an  animal  is  a  pro- 
cess of  running  down.  This  is  the  rhytlim  of  Nature  as 
applied  to  animal  and  vegetable  life. 

Hut  is  tliere  nothing  in  the  human  body  to  liberate  it 
from  that  chain  of  necessity  which  the  law  of  conservation 
coils  around  inorganic  natiure?  Look  at  two  men  upon  a 
tnoimt.iin  side,  with  apparently  equal  physical  strength ; 
the  one  will  sink  and  fail,  while  the  other  scales  the 
summit.  Has  not  volition,  in  this  case,  a  creative  power? 
Pliysically  considered,  the  law  that  rules  the  operations  of 
a  steam-oDgine  rules  the  operations  of  the  climber.  For 
every  pound  raised  by  the  former,  an  equivalent  quantity 
of  its  h&at  disappears;  and  for  every  step  the  climber 
a.sccnds,  an  amount  of  heat,  etpiivalent  jointly  to  his  own 
weight  and  the  height  to  which  it  is  raised,  is  lost  to  bis 
liody.  The  strong  will  can  draw  largely  upon  the  physical 
energy  furnished  by  the  food ;  but  it  can  create  nothing. 
The  function  of  the  will  is  to  apply  and  direct^  not  to 
create.' 

I  have  just  said  that,  as  a  climber  ascends  a  mountain, 
heat  disappears  from  his  body ;  the  same  statement  applies 
to  animals  performing  work.  It  would  app^-ar  t-o  follow 
from  this,  that  the  body  ought  to  grow  colder,  iu  the  act 
of  climbing  or  of  working,  whereas  universal  experience 
proves  it  to  grow  warmer.  The  solution  of  this  seeming 
contradiction  is  found  in  tbo  fact,  that  when  the  muscles 
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are  exerted,  augmented  respiratioD,  and  increased  cbemical 
action,  set  in.  TUe  fan  wliich  urges  oxygen  into  the  fite 
within  is  more  briskly  moved;  and  thus,  though  heat 
actually  dia^ppears  as  we  climb,  the  loss  is  more  than 
covered  by  the  increased  activity  of  the  chemical  proooescfl. 

By  means  of  a  modification  of  the  thermo-electric 
pile,  Becquerel  and  Breschet  proved  heat  to  be  developed 
in  a  muscle  when  it  contracts.     Billroth  and  Fick  have 
also  found  that  in  the  case  of  persons  who  die  of  tetanus, 
the  temperature    of    the   muscles   is    sometimes   nearly 
eleven  degrees  Fahrenheit  in  excess  of  the  normal  tem- 
perature.    Helmholtz  hss  shown  that  the  muscles  of  dead  j 
frogs,   in   contracting,  prcKluce   heat;   and  an   extremely 
imporUiut  result  as  regiirds  the  influence  of  contraction 
has  been  obtained  by  Ludwig  and  his  pupils.     Arterial 
hlootl,  you  know,  is  charged  with  oxygen  :  when  thin  blood 
pasaes  through  a  muscle  in  an  ordinar)'  uncontracted  state,  i 
it  is  changed  into  venous  blood  which  still  retains  about  | 
"J   per  cent,  of  oxygen.     Liut  if  the  nrUrial  bhxMl   pass 
tlirough  a  cuulracteii  muscle,  it  is  almosL  wholly  deprivetl 
of  its  oxygen,  the  tjunntity  remaining  amounting,  in  some  ] 
cases,  to  only  1  ,^p   per  cent.     Another  result  of  the  aug- 
mented combusdou  within  the  muscles  when  in  u  state 
of  activity,  is  an  increase  in  the  amount  of  carbonic  acid 
expired  frum   the  lungs.     Dr.  Edward  Smith  has  shown,  i 
that  the  quantity  of  this  gas  oxpircd  during   periods  of  j 
great  exertion  may  he  tive  times  that  expired  in  a  state  of  j 
repose.  1 

The  gmnd  point  permanent  throughout  all  these  con- 
sideratiouB  is,  tliat  noUiing  neiu  vs  created  in  physical  \ 
ntUure,  We  cnn  make  no  movement  which  is  not  ac- 
counted for  by  the  con  tern  poiuneous  extinction  of  some 
other  movement.  And  how  complicated  soever  the  mo- 
tions of  animals  may  be,  whatever  may  he  the  change 
wUich  the   molecules   of   our   iwd    undergo   within    out 
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joJies,  the  whole  energy  of  animal  life  uonsista  in  the 
falliBg  of  the  atoms  of  carbon  and  hydrogen  and  nitro- 
gen from  the  high  level  which  they  occupy  in  the  food, 
to  the  low  level  which  they  occupy  when  they  quit  the 
body.  But  what  has  enabled  the  carbon  and  the  hydro- 
gen to  fall  ?  What  first  raised  them  to  the  level  which 
rendered  the  fall  possible  ?  We  have  already  learned  thai 
it  is  the  sun.  Not  only  ia  the  sun  chilled,  that  we  may 
have  our  external  Ercs,  but  be  is  likewise  chilled  that 
we  may  have  our  internal  warmth  and  our  powera  of 
locomotion. 

The  subject  is  of  such  vast  importance,  and  is  so  sure 
to  tinge  the  whole  future  course  of  philosophic  thought, 
that  I  will  dwell  upon  it  a  little  longer,  and  endeavour,  by 
reference  to  analogical  processes,  to  give  you  a  clearer  idea 
of  the  part  played  by  the  sun  in  vital  actions.  We  can  raise 
water  by  mechanical  action  to  a  high  level ;  and  that  water, 
in  descending  by  its  own  gravity,  may  be  made  to  assume 
a  variety  of  form»,  and  to  perform  various  kinds  of 
mechanical  work.  It  may  be  made  to  fall  in  cascades,  rii<e 
in  fountains,  twirl  in  eddies,  or  flow  along  a  uniform 
bed.  It  may,  moreover,  bo  employed  to  turn  wheels,  lift 
hammeni,  grind  com,  or  drive  piles.  But  all  the  energy 
exhibited  by  the  water  during  its  descent  is  merely  the 
parcelling  out  and  distribution  of  the  original  energy 
which  raisetl  it  upon  high.  In  this  precise  fceme  is  the 
energy  of  man  and  auimala  the  parcelling  out  and  dis- 
tribution of  an  energy  originally  exerted  by  the  sun. 

But  the  question  is  not  yet  exhausted.  The  water 
which  we  used  in  orj  first  illustration  produces  all  the 
motion  displayed  in  its  descent,  but  the  form  of  the  motion 
depends  on  the  character  of  the  machinery  interposed  in 
the  path  of  the  water.  Thus  also  the  primary  action  of  the 
son's  rays  is  qualified  by  the  atoms  and  molecules  among 
which  their  power  is  distributed.  Molecular  forces  deter- 
24 
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mine  tlie  form  which  the  soJar  enerf^  will  assume.  In 
the  one  case  this  energy  is  so  conditioned  by  its  atomic 
machinery  as  to  result  in  the  formation  of  a  cabbage ;  in 
another  case  it  results  in  the  formation  of  an  oak.  So 
also  as  regards  the  reunion  of  the  carbon  and  the  oxygen 
in  the  animal — the  form  of  their  reunion  is  determined 
by  the  moleculai  machinery  through  which  the  combining 
energy  acts-  In  one  case  the  germ  determines  the  for- 
mation of  a  man,  in  another  the  formation  of  a  frog.  Atl 
the  pUilosupUy  of  the  present  day  tends  to  show  that  it 
is  the  directing  and  compounding,  in  the  organic  world, 
of  forces  belonging  equally  to  the  inorganic,  that  cod* 
stitute  tlio  mystery  and  the  miracle  of  vitality. 

In  discusaiog  the  material  combinations  which  re^t 
in  the  formation  of  the  human  organism,  it  is  impossible 
to  avoid  taking  side  glances  at  the  phenomena  of  con* 
soiousness  and  thought.  Science  has  asked  daring  qu«^ 
tions,  and  will,  no  doubt,  continue  to  ask  such.  Problems 
will  assuredly  present  themselves  to  men  of  a  future  age, 
which,  if  enunciated  now,  would  appear  to  most  people  as 
the  direct  offspring  of  insanity.  Still,  though  the  progrei^^fl 
and  development  of  science  may  seem  to  be  unlimito^H 
there  is  a  region  beyond  her  reach — a  line  with  which  t^e 
does  not  even  tend  to  iuoi^ulate.  Given  the  masses  and 
distances  of  the  planets,  we  can  infer  the  perturbations 
consequent  on  their  mutual  attractions.  Given  the 
nature  of  a  disturbance  in  water,  air,  or  ether,  we  can 
infer  fi-om  the  properties  of  the  medium  how  its  particles 
will  bo  affected.  In  all  this  we  deal  with  physical  laws, 
and  the  mind  runs  freely  along  the  line  which  connects 
the  phenomena,  from  beginning  to  end.  But  when  wv 
endeavour  to  pass,  by  a  simiUir  process,  from  the  region  of 
physics  to  that  of  thought,  wc  me<?t  a  problem  not  ouly 
beyond  our  present  powers,  but  transcending  any  conceiv- 
able expansion  of  the  powers  we  now  possess.     Wc  may 
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think  over  the  subject  again  and  again,  but  it  elutles  all 
intellectual  preeentation.  The  origin  of  the  material 
universe  in  equally  inscrutable.  Thxis,  having  exhausted 
science,  and  reached  its  very  rim,  the  real  mystery  of 
existence  still  looms  around  ub.  And  thus  it  will  ever 
loom — ever  beyond  the  bourne  of  man^s  intellect — giving 
the  poets  of  successive  ages  just  occasion  to  declare  that 

We  Are  snch  stuff 
Ai  dre-oma  aro  nude  of.  and  our  littlo  Ufo  ' 

Is  ronndod  by  a  Bleep. 

Still,  presented  rightly  to  the  mind,  the  discoveries 
and  generalisations  of  modem  science  constitute  a  poem 
more  sublime  than  has  ever  yet  addressed  the  human 
imagination.  The  natural  philosopher  of  to-day  may 
dwell  amid  conceptions  which  beggar  those  of  Milton, 
Look  at  the  integrated  energies  of  our  world, — the  stored 
power  of  our  ooul-fields  ;  our  winds  and  rivers ;  our 
fleeUi,  armies,  and  gims.  What  are  they  ?  Tbey  are 
all  generated  by  a  portion  of  the  aim's  energy,  which 
does  not  amoimt  to  ^  i  o  6  oV  »  o  6  u  ^^  ^^^  whole.  This  is 
the  entire  fraction  of  the  eiin's  force  intercepted  by  the 
earth,  and  we  convert  but  a  small  fraction  of  this  fraction 
into  mechanical  energy.  Multiplying  all  our  powers  by 
millions  of  millions,  we  do  not  reach  the  sun's  expenditure. 
And  still,  notwithstanding  this  enormous  drain,  in  the  lapso 
of  human  history  we  are  unable  to  detect  a  diminution  of 
his  store.  Measured  by  our  largest  terrestrial  standardc, 
such  a  reservoir  of  power  U  infinite ;  but  it  is  our  privi- 
lege to  rise  above  these  standards,  and  to  regjird  the  sun 
himbelf  as  a  speck  in  infinite  extension — a  mere  drop  in 
tlie  universal  sea.  We  analyse  the  space  in  which  be  is 
immersed,  and  which  is  the  vehicle  of  his  power.  We  pass 
to  other  systems  and  other  suns,  each  pouring  fortli  energy 
like  our  own,  but  still  without  infringement  of  the  law, 
which  reveals  immutability  in  the  midst »f  change,  which 
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LECTUBE  XVm. 

TIDB  LABOURS  OF  MATBB. 

OUR  6fth  lecture  brought  ub  face  to  face  with  one  of  the 
most  remarkable  scientific  figurea  of  this  age,  whose 
hiboura  were  still  further  referred  to  w  our  laat  lecture. 
Dr.  Julius  Kobert  Mayer  died  in  1878,  and  a  brief  state- 
ment of  what  he  accomplished,  and  of  the  circumstances  of 
its  accomplishment,  will  give  you  a  more  or  less  coherent 
image  of  the  man,  and  constitute  a  kind  of  tribute  to  his 
memory.  His  youth  was  in  great  part  spent  in  a  seminary 
in  Sohonthiil,  near  Hcilbronn,  the  desire  to  1>e  near  a 
comrade  causing  him  to  choose  a  school  which  had  little 
to  do  with  science,  and  much  with  theology.  He  after- 
wards studied  medicine  in  the  University  of  Tiibingen, 
from  which  he  was  rusticated  for  an  ofifence  so  small  and 
venial  as  to  make  clear  the  intolerable  pettiness  of 
German  officialism  at  that  time.  In  scientific  matters 
his  youth  was  marked  by  originality  and  penetration, 
while  the  ancient  classics  were  studied  tlirough  necessity, 
and  not  through  love.  In  1840  he  accepted  the  post 
of  physioiati,  in  a  Dutch  vesst-l,  bound  for  Butavia,  with 
a  captain  and  crew  of  twenty-eight  persons.  After  the 
voyage  the  crew  w^re  attacked  with  an  acute  inflamma- 
tory affection  of  the  lungs,  for  which  copious  bleeding  was 
resorted  to.  The  blood  drawn  was  of  bo  bright  a  red  as 
to  snggest  in  the  first  instance  to  Mayer  that  he  had 
struck  an  artery  instead  of  a  vein.  This  set  him  pon- 
dering on  the  relationship  of  external  temperature  to  the 
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prooesses  of  oxidation  going  on  in  the  human  body ;  ajid 
bis  explanation  of  the  observed  effect  was  that  in  a  hot 
climate  less  fuel  was  consumed,  and  therefore  less  altei^ 
atiou  of  the  blood  occurred,  in  keeping  up  the  tempcraciuc 
of  the  body,  than  in  a  cold  one.  He  waB  tbua  brought 
to  reflect  on  the  whole  physiologiciU  theory  of  renpinition, 
which  he  pondered  until  he  had  extracted  from  it  meauiugs 
altogether  new.  Alayer  saw  that,  inasmuch  as  the  same 
quantity  of  fuel  pruduced,  under  all  circumstances,  by  if« 
perfect  combustion,  the  same  amount  of  heat,  then  if  by 
friction,  or  other  mechanical  action,  heat  bo  produced  by 
tl»e  living  body  outside  of  itself,  tbia  heat  mu«l  be  derived 
from  an  inner  combustion  producing  no  heat.  Unless  a 
r>erpetual  motion  be  possible,  the  mechanical  heat,  he  rea- 
soned, must  be  withdrawn  from  the  organifim,  the  internal 
and  external  heat  making  up  the  total  beat  of  oxidation. 
In  1841,  after  hU  return  from  Batavia,  we  fiud  him 
discussing  the  principle  of  the  conservation  of  energy  with 
his  friend  Kiimelin,  now  Chancellor  of  the  University  of 
Tiibingon,*  '  We  were  once  walking  along  the  public 
road,*  says  Ilcrr  liiimelin, '  when  the  ditigenoe  with  four 
steaming  horses  passed  us.  'MVhat,  in  your  opiaion," 
asked  Alayer,  '*  is  tho  physical  effect  of  the  muscular  force 
of  these  horses  ?  '*  I  replied  that  I  knew  of  no  otbcr 
effect  than  the  weight  of  the  horses*  bodies,  of  the 
carriage  and  what  it  contained,  hanng  suffered  a  certain 
displacement  in  space,  which*  without  such  expenditure  of 
force,  would  nob  have  occurred.  **  But,"  snid  Mayer, 
**  suppose  them  to  pull  up  half-way  and  ilrivo  back  to 
Heilbroun — what  is  then  the  physical  effect?**  I  replied 
that  two  displacenientii  in  space  would  then  have  occurred, 
the  first  of  which  would  have  been  neutralised  by  the  second. 
Mayer  retorted  that  he  could  not  call  this  a  phpicol  effect. 


*  The  anthi^r  of  a  brivf  bat  clMpI/  int^KsUng  MoooDi  of  Hijra'l  ttftb 
(mMialied  to  tho  *  Au^lorgvr  Zt'ituug.* 
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It  is  quite  indifferent,  he  urged,  whether  the  passengers  be 
landed  at  Heilbronn  or  at  Oehringen  —whether  any  final 
displacement  occurs  or  not.  The  translation  of  the 
carriage  is  the  motive  and  incident  of  the  horses'  work, 
but  not  its  physical  effect.  The  beating  of  the  horses, 
the  accelerated  inward  combustion,  the  frictional  beat 
of  the  sliding  wheels  which  had  left  their  marks  in  bin© 
stri|K*8  upon  the  road,  the  warmth  of  the  axles — these  are 
not  mere  accidents.  On  the  contrary,  the  motion  of  the 
horses  and  their  mechanical  work  are  transformed  into 
these  phenomena  of  heat ' — transformed,  moreover,  in  a 
constant  quantitative  ratio,  the  discovery  and  formulation 
of  which  Mayer  regarded  as  the  most  important  part  of 
the  problem  he  had  set  before  him.  Of  the  correctness 
of  the  principle  he  had  not  at  that  time  the  slightest 
doubt.'  Soon  afterwards, '  certainly,'  adds  Herr  Riimelin, 
'  in  1841,*  he  wrote  his  first  brief  paper  entitled  *  Bemer- 
kungen  iiber  die  Krafte  der  nnbclcbten  Natur,'  wlucb, 
being  on  a  physical  subject,  he  sent  to  Poggendorff*B  An- 
nalen.  But  Poggendorff  would  have  nothing  to  do  with 
it,  and  it  was  accordingly  sent  to  Giesscn,  where  liiebig, 
to  Mayer's  iuexprcsaible  gratification,  gave  it  a  place  in 
his  Annalcn  early  in  1842. 

From  the  outset  Mayer  laid  a  firm  grasp  on  the 
phenomena  of  vital  dynamics,  the  main  effort  of  his  life 
being  directed  to  bringing  them  under  the  yoke  of  physi- 
cal investigation.  A  physical  basis  was  his  primary  need ; 
and  Ins  first  paper  was  therefore  devoted  to  inorganic 
nature.  His  second  and  more  mature  paper  on  Organic 
Motion,  published  in  1845,  may  be  broadly  divide<l  into 
two  parts,  in  the  first  of  which  he  deals  with  the  principle 
of  the  conservation  of  energy,  and  in  the  second  applies 
it  to  vital  phenomena.     At  the  outset  of  the  piiper  he  an- 


'  Hajrar's  strikiog  figure,  refcmxl  to  at  page  D;  wherein  he  coiupvea  tha 
coDAnmptton  and  reproduction  uf  hctat  hy  a  railway  tnuD,  to  a  process  of  dii- 
tiUatioOt  Diiut  baro  occurrvd  to  him  about  this  lima. 
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nnnnces,  as  he  had  previoufily  done  in  1842,  the  converti- 
bility and  quantitative  constancy  of  force  or  energy.  His 
tiefinitiond  of  *  force '  were  expressly  extended  so  a» 
include  what  we  now  call  potential  and  dynamic  euergy,' 
the  shifting  forms  of  which  constituted  his  theme. 
Chemistry,  he  says,  deals  with  the  qualitative  changes 
which  matter  undergoes  under  diSTerent  circumstances, 
the  form  of  the  matter,  and  nol  its  amount,  being  subject 
to  change.  What  chemistry  does  for  matter  physics  m\i»l 
do  for  force.  The  force  is  as  unchangeable  as  the  matter, 
and  the  function  of  physics  is  to  study  force  in  all  itd 
forms,  and  to  ascertain  the  conditions  of  its  metamorphoses. 
This,  he  saysy  ia  the  only  problem  with  which  natural 
philosophy  has  any  concern,  for  the  creation  or  annihila- 
tion of  force  ia  not  only  unrealisahle  but  untliinkable. 

For  thousands  uf  years,  he  continues,  men  have  em- 
ployed the  powers  of  inorganic  nature  lo  obtain  mechanical 
efiects.  But  to  the  ancient  forces  of  moving  air  and  uf 
falling  water  a  new  force  has  been  added  in  modem  times 
— the  force  of  heat.  This  also  may  be  converted  into 
mechanical  effect.  If  to  a  train  weighing  100,000  lbs.  n 
velocity  of  30  feet  a  second  is  to  1«  imparted,  this  may 
be  accomplished  by  permitting  the  train  to  roll  down  an 
incline  until  the  required  velocity  has  been  attained. 
Trains,  however,  move  without  any  such  exercise  of  gravi- 
tating force,  and,  despite  the  friction  of  their  parta,  they 
are  kept  in  motion,  I^et  this  friction  be  Fupposed  equiva- 
lent to  a  rising  gradit>nt  of  1  in  150,  tlien,with  a  velocity 
of  30  feet  a  second,  the  weight  of  the  train  will  be  liftt-d 
720  feet  in  an  hour,  which  corresponds  to  the  work  of 
about  forty-five  horses.  This  large  quantity  of  work 
implies  the  expenditure  of  an  equal  amount  of  power,  and, 
in  the  oai^  of  the  locomotive,  the  power  expended  is  heat. 

In  the  workiug  steam-engine  tbcre  is  au  absolute  leas 
of  heat.     The  quantity  of  heat  imparted  to  the  steam 
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is  greater  than  that  which  can  be  obtained  from  its 
recondensation  ;  the  missing  quantity  being  that  nscfully 
applied,  or  converted  into  mechanical  effect.  The  more 
perfect  the  machine  the  less  will  be  the  amount  of  lieat 
obtainable  from  ttie  recondensation  of  the  steam.  The 
best  engines  make  the  difference  about  5  per  cent.,  that  is 
to  say,  100  lbs.  of  coal  burnt  in  a  good  working  engine 
yield  no  more  heat  than  95  lbs.  burnt  without  perform- 
ing  work. 

To  prove  this  important  proposition,  says  Mayer,  we 
must  investigate  the  relationahip  of  elastic  fluids  to  heat 
and  to  mechanical  work.  Gay  Lussac  has  proved  by  ex- 
periment that  when  air  which  tilts  a  vessel,  streams  from 
it  into  a  second  exhausted  vessel  of  the  same  size,  the 
vessel  from  which  the  air  issues  is  cooled,  while  that  which 
it  enters  is  warmed  by  precisely  the  same  number  of 
degrees.'  This  eiperimcnt,  which  is  distingxiishcd  for  its 
simplicity,  shows  that  a  given  weight  and  volume  of  air 
may  expand  to  double  or  quadruple  its  volume  without 
experiencing  any  change  of  temperature ;  or,  in  other 
words,  that  in  the  siviple  expansion  of  tliS  gas,  when  no 
work  is  performed,  no  heat  is  consumed. 

Ijet  a  cubic  inch  of  air  at  0'  C,  and  under  a  pressure  of 
28  inches  of  mercury,  be  heated  at  a  constant  volume  to 
274** ;  and  let  the  quantity  of  heat  required  to  warm  this  air 
be  X.  Wheu  it  streams  into  another  exhausted  recipient 
of  the  same  volume,  the  air  will  retain  its  average  tem- 
perature of  274".  A  medium  surrounding  both  vessels 
will  suffer  no  change  of  temperature.  Again  let  a  cubic 
inch  of  air,  not  at  constant  volume,  but  under  a  constant 
pressure  of  28  inches  of  mercury,  be  heated  from  0*  to 
274%  a  greater  quantity  of  heat  will  now  be  needed  than 
before.     Let  this  new  quantity  be  a  +  y.     If  the  air  be 

'  Q%j  Luisae's  ex]><'riBienr  is  rrt«md  to  at  p.  ISA. 
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pennitted  to  conl  in  the  tvo  cases,  it  will  give  back  the 
heat  communicated  to  it.  The  air,  which,  in  cooliD|f, 
is  not  followed  bj  an  external  pressure,  will,  on  falling 
from  274**  to  0%  give  out  the  heat  a:;  while  that  which 
cools  under  constant  pressure  will  yield  the  heat  x-f  y. 

Steam  in  an  engine,  when  it  expands  under  a  piston,  be- 
haves like  air  expanding  under  constant  pressure.  The  heat 
necesflary  to  the  expansion  of  the  steam  and  tlie  perform- 
ance of  the  external  work,  is  X  +  V.  \Mien  the  steam  is 
cooled,  the  pressure  of  the  piston  ceases,  or  is  exercised  in 
a  greatly  diminished  degree.  The  heat  given  out  in  cool- 
ing will  be  X  With  every  stroke  of  the  piston,  therefore, 
there  is  the  loss  of  heat  Y ;  that  is  to  say,  a  oonsuviptifm 
of  heat  ie  ijufeparably  connected  with  tUt  tvorhlng  of  Ott 

From  Uie  quantity  of  fuel  consumed  the  total  amount 
of  lieat  produced  may  be  calculated.  The  quantity  of 
unconverted  heat,  however,  can  only  be  roughly  estimated, 
hence  an  approximate  determination  of  that  usefully 
applied  is  all  that  can  be  arrived  at  in  this  way.  Mora 
eharply  and  simply  the  problem  may  be  solved  by  calcula- 
ting the  quantity  of  heat  rendered  Matent*when  a  gas 
expands  under  pressure.  Let  tlie  amount  of  heat  required 
lo  rai-te  the  temperature  of  a  gas  at  constant  volume  \°  be 
.T5,  then  to  raise  the  gas  imder  constant  pressure  I*  the  heat 
required  will  be  a;  +  y.  I*et  the  weight  raised  in  tie  latter 
case  by  the  expanding  gas  be  P,  and  the  height  to  which 
it  is  raised  k^  then  we  have 

That  is  to  say,  the  excess  of  heat  imparted  when  the  gas 
performswork  is  proportional  to  the  weight  raised  multiplied 
into  the  height  to  which  it  is  raised.  Mayer  tlien  goes 
on  to  culcuUte  the  mechanical  equivalent  of  heat  in  a 
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manner  substantially  the  same  as  that  adopted  in  our 
fifth  lecture.^ 

After  going  formally  through  thin  calculation,  be  im- 
mediately bo^s  on  it  the  determination  of  the  useful 
effect  in  steam-engines ;  finding  it  to  bo  only  about 
5  per  cent,  of  the  consumed  fuel.  From  the  velocity 
imparted  to  a  cannon  ball  by  a  given  weight  of  pow- 
der,  he  concludes  that  in  certain  cases  9  per  cent,  of 
the  heat  of  the  consumed  charcoal  is  transferred  to 
the  projectile.  And  here  ho  indicates  a  vera  causa 
for  the  observation  of  Rumford  referred  to  in  our  second 
lecture  (p,  47),  where  a  gun  firing  a  number  of  balls 
was  found  less  heated  than  when  firing  blank  cartridge. 
He  gives  various  illustrations  of  the  mechanical  generation 
of  heat,  and  describes  observations  of  bis  own  made  in 
a  paper-mill,  in  which  four  pidping  machines,  each  con- 
,  taining  about  80  lbs.  of  paper  and  1 200  lbs.  of  water, 
'  were  at  work.  In  32  minutes  the  pulp  rose  from  14°  to 
16^  0.  The  highest  temperature  attained  was  30%  which 
rcmainetl  constant  for  several  hours.  Assuming  that  in 
one  minute  a  horse  can  raise  27,000  lbs.  a  foot  high,  the 
heating  of  1,280  lbs.  of  pulp  and  water  1'  in  16  minutes 
(not  taking  into  accotmt  tJie  heat  communicated  to  the 
apparatus)  is  equivalent  to  3*1  G-horse  power.  The  factory 
estimate  was  S-horee  power.  Does  the  mechanical  action 
of  the  five  horses,  he  asks,  become  nothing  in  the  machine  ? 
Fact  answers :  It  becomes  heat 

Mayer's  comparison  of  chemical  and  mechanical 
proccsaea  furnishes  a  striking  illustration  of  his  insight 
and  power  of  generalisation.    A  weight  so  distant  from  the 


'  la  biB  flf>t  cnlcul&tioD  Vayer  uk(1  the  spceiilc  hdat  of  air  as  dot«r- 
tnioed  by  Delarooho  nod  B^nnl.  Ho  nftorirnnU  Bmplojr«d  the  mora  comet 
ditermiiuitioa  of  Kognault.  Th«  fanner  dctermituition  make*  Uio  me- 
difliiical  oquiraleot  of  beat  tibuut  ftba  uf  \ts  tnteTalao.  The  nninben  flnt 
pablithed  hy  Mayer  are  ben  proeervaJ. 
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earth  that  the  attraction  of  gravitation  is  insenfiible,  hf 
defines  as  being  in  a  state  of  me^^anictU  aeparatioTij  while 
the  falling  of  the  same  weight  to  the  earth  he  defines  as  a 
case  of  mecfianical  ooTuhinatittn,  Such  a  mass  would  reach 
the  earth's  Burface  with  a  velocity  of  34,450  feet  a  second ; 
and  the  heat  generated  by  its  collision  would  raise  the 
temperature  of  its  own  weight  of  water  17,356**  C. 
Gheuiical  combination  is  in  principle  the  same.  Thus  the 
chemical  combination  of  one  gramme  of  carbon  and  2*6 
grammes  of  os.ygen,  is  equivalent  to  the  mechanical  com- 
bination of  ^  a  gramme  with  the  earth.  The  chemical 
Dmbination  of  1  gramme  of  hydrogen  with  8  ^Tammes  of 
lygen  is  nearly  equivalent  to  the  mechanical  combination 
of  2  grammes  with  the  earth.  The  heat  developed  in  both 
cases  would  be  34,700  thermal  units.  If  then  for  small  dis- 
tances and  velocities,ordinary  mechanical  energy  dwindles 
in  comparison  with  the  more  intense  chemical  furces,  we 
find  the  case  reversed  when  we  extend  our  vision  to  tbe 
action  of  gravity  in  celestial  space. 

Among  all  terrestrial  substances  the  combinatioa  of 
oxygon  and  hydrogen  produces  the  greatest  amount  of  beat. 
One  gramme  of  explosive  gas  yields,  on  changing  into 
water,  3,850°  C.  One  gramme  of  u  mixture  of  carbon  and 
oxygen  yields  by  its  chemical  union  2,370%  But  ioafr- 
much  as  17,35G°  C.  of  heat  mttet  be  applied  to  transport 
a  weight  of  one  gramme  beyond  the  earth's  sphere  of  at- 
traction, it  follows  that  no  chemical  a65nity  existing  npon 
the  earth  could  furnish  an  amount  of  heat  adequate  to 
the  complete  mechanical  separation  of  the  body  which 
exerts  it  from  the  earth.  . 

From  the  combination  of  atoms  Mayer  ascends  to  the 
combination  of  worlds.  *  The  earth,'  he  says, '  moves  in  its 
orbit  with  a  mean  velocity  of  93,700  feet  a  second.  To  pro- 
dnoe  this  motion  by  the  combustion  of  coa^fiftoen  times  th<i 
earth's  weight  would  have  to  be  consumed.     The  heat  here 
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tproduced  would  be  competent  to  raise  the  temperature  of 

'the  earth's  wei-rht  of  water  12ft,()00°  C  A  fraction  thero- 
ibre  uf  the  energy  with  which  the  earth  moves  in  its  orbit 
would  suffice  todifisolveall  mechanical  connection  between 
its  parU.  Supposing  the  earth  to  lie  at  rest  upon  the 
surface  of  the  sun  ;  to  lift  it  and  place  it  at  the  earbh*s 
present  distance  from  the  sun,  and  to  impart  to  it  there 
the  velocity  of  93,700  feet  a  second,  woidd  require  4!iU 
times  the  quantity  of  coal  above  mentioned,  or,  in  other 
words,  a  weifjht  of  tliat  combustible  6,435  times  the  weight 
of  our  world. 

He  then  discusses  the  five  principal  forms  of  energy — 
ivity,  chemical  affinity,  electricity,  magnetism,  and  heat 

''•^and  under  five-and-twenty  separate  heads  he  describes 
their  relations  and  mutual  conversions.  Preconceived 
notions,  he  says,  sanctioned  by  time  and  strengthened 
by  the  influence  of  first  impressions,  bub  not  the  verities 
of  nature,  are  opposed  to  the  propositions  here  enunciated. 
He  expressly  denies  materiality  to  heat  and  electricity, 
though  knowing  that  he  has  against  him  '  the  most 
deeply  rooted  convictions,  and  hypotheses  cauoniscd  by  the 
greatest  authorities.'  With  the  theory  of  imponderables, 
he  says,  we  banish  from  science  the  last  residue  of  the 
mythology  of  Greece ;  but  we  also  know  that  nature  in 
her  simple  truth  is  greater  and  more  glorious  than  all 

^the  productions  of  the  human  hand,  and  than  all  the  iUu- 
lions  of  the  creative  mind. 


After  thus  clearing  his  way  through  the  powers  of 
inorganic  nature,  Mayer  turos  to  vital  phenomeuu,  aud  at 
once  fixes  the  attention  of  his  readers  upon  the  Sun. 

Measured  by  human  standards  the  sun  is  an  inexhaus- 
tible store  of  physical  energy.  It  is  his  furce  which,  like 
a  continually  wound-up  spring,  constitutes  the  source  of 
all  terrcsttial  activity.     The  vast  amount  of  energy  sent 
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ov  plaact  into  wfrnoe  in  the  form  of  wave  motion 
>  «oea  faring  iti  entfiboe  to  the  teznperutare  of  death. 
[3Bi*  the  hg^  of  the  am  m  «>  iBOwaunt  compenBation.  It 
ill  the  HB^  fi^ift  ciwmtiail  mto  beat  vhicb  seta  our  atmo- 
I  in  motioo,  niriiig  Ae  vaten  to  clouds,  aod  causing 
I  the  riven  to  flow.  The  heet  gonenited  hv  friction  in  the 
\  vheeb  aad  axles  of  oar  vind-  and  vater-milb  has  been 
I  aeofc  to  oar  planet  from  the  son  in  the  fixm  of  vibratory 

nepriDei|iles  of  vital  dynamics  are  next  traced  to  their 
fiwndatioQ.     Nature,  ecxitinues  Majer,  undertakes  the  tadc 
^of  rtoring  up  the  light  which  streams  earthward — of  coq- 
f  the  moat  volatile  of  all  powen  into  a  rigid   form, 
and  thoa  pnaerring  it  for  our  use.     She  has  overspread 
the  rarth  with  organisms  which  while  living  take  into 
them  the  solar  light,  and   by  the  appropriation   of  its 
[VDergy    generate    inceanntly    chemical     forces.      These 
'  organisms  are  plants.     The  vegetable  world  constitutes 
the    reservoir    in    which    the    fugitive    solar    rays    are 
dapoflited,  and    rendered    ready    for   useful   application. 
With  this  economical  prori»on  the  existence  of  the  human 
race  is  also  inseparably  connected.     The  reducing  actioo 
icoerted  by  solar   light    on    both   inorganic   and    orgnnio 
tauhetances  is   veil   known.    This   reduction   takes   place 
[moet  copiously  in  full  sunL'ght,  less  copiously  in  the  shade, 
^being  entirely  absent  in  darkness,  and  even  in   candle- 
light.    The  reduction  is  a  conversion  of  one  form  of  energy 
into  another — of  mechanical  effect  into  chemical  tension. 

The  time  does  not  lie  for  behind  us  when  it  was  a 

subject  of  contention  whether,  during  life,  plants  possened 

the    power   not   only   of  changing  and    rearranging   the 

'  chemical  elements,  but  even  of  creating  them.     Facts  and 

experiments  seemed    to  favour  this    notion,   but    more 

I  accurate  investigation   has  proved  it   to  be   untrue.     We 

I  now  know  that  the  sum  of  the  materials  appropriated  aod 
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excreted,  13  equal  to  the  lotiil  qiiantity  of  mutter  taken  up 
by  the  plant.  A  tree,  for  example,  which  weighs  several 
thousand  pounds,  Iuls  taken  every  grain  of  its  substance 
fi-om  its  environment. 

Plant:*  consume  the  force  of  li^t  and  store  it  up  as 
chemical  tension.  Since  the  time  of  De  Saua<iure  thfl 
notion  of  light  has  been  known  to  he  necesaary  to  the  re- 
duction of  tho  carbonic  acid.  Here,  in  the  first  place, 
we  must  inquire  whether  tho  light  which  falla  upon 
living  plants  is  applied  differently  from  that  which  falls 
upon  dead  matter;  that  is  to  say, whether  cofteiHs paribus 
plants  are  less  warmed  by  f>oIar  light  than  other  bodies 
equally  dark  coloured.  The  results  of  the  observations 
hitherto  made  on  a  small  Bcalo  seem  to  lie  within  the 
limits  of  experimental  error.  On  the  other  hand  every- 
day experience  teaches  us  that  solar  lieitt  is  powerfully 
moderated  by  rich  vegetation  ;  althoughplants,  on  account 
of  the  darkness  of  their  leaves,  must  be  better  abdorbcrs 
than  the  naked  earth.  If,  concludes  Mayer,  the  evapo- 
ration from  the  plants  !«  proved  insufficient  to  account  for 
ihis  cooling  action,  then  the  question  abo\'^  thrown  out 
must  be  answered  in  the  aOirmative. 

The  second  question  refers  to  the  cause  of  the  chemical 
tension  produced  in  the  plant.  Tliis  tension  is  a  physical 
force.     It  is  Oia  etfuivahnt  of  the  heat  produced  by  ths 

^con^ustlon  of  the  plant  Does  this  force,  then,  come 
rom  the  vital  processes,  and  without  ihe  expenditure  of 
gome  other  form  of  power?  The  creation  of  physical  energy, 
of  itself  hardly  thinkable,  seems  all  the  more  para- 
doxical when  we  consider  that  it  is  only  by  the  help  of  the 
8UD*a  rays  that  plants  can  perform  their  work.  By  the 
iption  of  such  a  hypothetical  action  of  *  vital  force ' 

'«U  further  investigation  is  cut  off,  and  the  applica- 
tion of  the  methods  of  exact  science  to  the  phenomena  of 
Titility  is  rendered  impossible.     Those  who  hold  a  notion 
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BO  opposed  to  the  spirit  of  Bcience  are  carried  thereby  into 
tho  chaos  of  unbridled  phantasy.  *  I  therefore  hope  that 
J  may  reckon  on  the  reader's  attsent  when  I  lay  down,  as  an 
axiomatic  truth,  that  just  as  in  the  case  of  maU^tBOcdM 
in  the  case  of  foroe^  orUy  a  tranaformcttum,  hut  never  a 
creation^  takes  place.* 

To  tho  philosophy  of  vegetable  life  thus  for  the  fin* ' 
time  enunciated,  but  still,  it  is  to  be  remembered,  given 
here  only  in  abstract,  nothing  material  has  been  added 
during  the  last  fivenind-thirty  years. 


Mayer  spread  his  philosophic  net  over  the  whole  org 
ised  worhl.  The  physical  force,  he  eap,  collected  by  plants^ 
becomes  afterwards  the  property  of  another  class  of  crea- 
tures. Animals  feed  od  combustible  subt<taDces  beloo^inp^  to 
the  vegetable  kingdom,  causing  them  to  reimite  with  the 
atmospheric  oxygen.  Parallel  to  this  process  of  oxidation 
runs  the  mechanical  work  done  by  the  animal,  which  is  the 
end  and  aim  of  its  existence.  It  is  evident  that,  for 
equal  masses  and  times,  the  mechanical  effects  produced 
by  plants  are  vanishingly  small  compared  with  those  pn>- 
duced  by  animals.  AVhile,  therefore,  in  tlie  pLint  the 
production  of  mechanical  effect  plays  only  a  subordinate 
part,  the  conversion  of  chemical  tensions  into  useful  effect 
is  the  chief  characteristic  of  animal  life. 

In  the  animal  body  chemical  forces  are  perpetually 
consumed.  Ternary  and  quaternary  compounds  undergo 
the  most  important  changes,  and  are  for  the  most  port 
given  off  as  burnt  suhstances  in  the  form  of  binary  com- 
binations. The  relation  of  these  forces  to  the  heat  de- 
veloped is  by  no  means  determined  with  suflScient  acruraoy. 
But  where  our  object  is  simply  the  establishment  of  a' 
principle,  we  may  confine  ouraelves  to  the  heat  generated 
by  the  combustion  of  the  carbon,  ^^^len  fubire  experi- 
ments as  to  the  energy  of  the  chemical  processes  have 
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given  us  additional  data,  it  will  be  easy  bo  to  modify  our 
numerical  calculations  ns  to  render  them  accordant  with 
the  new  facta. 

The  wx)rk  done  by  an  animal  may  be  conveniently  ex- 
pressed by  a  weight  raised  to  a  certain  height.  It  is  cal- 
culated that  a  horse,  by  the  exercise  of  his  voUmtary 
muscles  for  eight  hours  a  day,  can  raise  a  weight  of 
27,000  lbs.  (W'iJrtemberg)  one  foot  high  per  minute. 
This  amounts  to  12,960,000  lbs.  per  day.  Assuming  with 
Dulong  the  heat  of  combustion  of  carbon  to  be  8558**  C, 
the  mechanical  work  corresponding  to  the  combustion 
of  one  unit  of  weight  is  the  raising  of  9,670,000  such 
units  to  a  hciglit  of  one  foot.  If,  therefore,  we  express 
by  a  weight  of  carbon  the  quantity  of  chemical  energy 
wliich  a  horse  must  expend  to  perform  a  day's  work,  we 
find  it  to  be  1-34  lbs.  per  day,  0*lG7  lb.  per  hour,  and 
0*0028  lb-  per  minute.  The  heat  qf  this  carbon  goes 
purtly  to  the  production  of  mechanical  effect. 

According  to  current  estimates,  the  work  of  a  strong 
labourer  is  |  of  that  of  a  horse.  A  man  who  in  one  day 
raises  a  weight  of  1,850,000  lbs.  to  a  height  of  one  foot 
consumes  la  this  work  0*19  lb.  of  carbon.  This,  for 
an  hour,  (the  day  reckoned  at  eight  hours)  amounts  to 
0-024  lb. ;  for  a  minute,  to  0*0004  lb.,  or  3*2  grains  of 
carbon.  A  bowler  who  imparts  to  an  8  lb.  ball  a  velocity  of 
30  feet  a  second,  consumes  in  this  effort  ^\^  of  a  grain  of 
carbon.  A  man  who  lifts  his  own  body,  weighing  l5UIbs., 
eight  feet  high  consumes  in  the  act  1  grain  of  carbon,  in 
climbing  a  mountain  10,000  feet  high  the  consumption 
(.neglecting  the  heat  generated  by  the  shock  of  the  feet 
against  the  earth)  is  0*155  lb.  or  2  oz.  4  drams  50  grains 
of  carbon. 

If  the  materials  consumed  were  applied  solely  to  the 
performance  of  work,  the  quantities  of  carbon  just  cal- 
culated would  suffice  for  the  times  mentioned.     In  reality. 


560 


HEAT  A  MODE  OF  MOTIOIT. 


LBPr.  XTTn* 


however,  berades  the  production  of  mechanic&l  effects, 
there  is  in  the  animal  body  a  continuous  gvuerAtion  of 
heat.  The  chemical  force  of  the  food  and  of  the  in- 
haled oxygen  is  therefore  the  source  of  two  different  fonnu 
of  power — mechanical  motion  and  heat — and  the  sum  of 
these  two  physical  effects  is  the  equivalent  of  the  con- 
temporaneous chemical  action.  I^t  the  quantity  of  me- 
chanical work  perfortned  by  an  animal  in  a  given  time 
lie  converted  by  friction,  or  by  some  other  meuntt,  into 
heat ;  add  to  this  the  beat  generated  directly  in  the  animal 
body  in  the  same  time,  the  sum  of  both  gives  us  tho  exact 
quantity  of  heat  corresponding  to  the  chemical  prooesso*. 

lu  tho  active  animal,  the  chemical  changes  are  much 
greater  than  in  the  resting  one.  Let  (he  chemical  action 
in  the  resting  animal  during  a  given  time  be  x  and  in  the 
active  one  x-^y.  If,  during  activity,  the  same  quantity  of 
heat  were  generated^a  during  rest-,  the  additional  chemical 
force  y  would  be  tlie  equivalent  of  the  work  pcrfonncd. 
More  heat,  however,  is  generated  in  the  working  organ- 
ism than  in  the  resting  one.  In  the  active  animal,  ther^ 
fore,  we  shall  have  a;+  a  portion  of  j/  for  heat,  the  residue 
of  y  biiing  converted  into  mechanical  effect. 

It  by  no  means  follows  from  Mayer's  principles  that 
the  working  of  a  muscle  will  be  accompanied  by  a  lower- 
ing of  iUi  temperature.  Rluscular  action  is  DccomiJonieft 
by  a  genenil  exultation  of  chemical  action,  and  a  corre- 
sponding augmentation  of  heat.  Maycr'^s  position  iA,  that 
caking  the  chcratcal  action  thus  exalted  into  accoimt,  it 
will  not  produce  within  the  body  its  whole  amount  of 
heat.  '  The  residue  of  y '  is  lost  to  the  body,  though  tho 
body's  temperature  is  at  the  same  t  imc  iiuginent4.'d.* 

Mayer's  next  care  is  to  prove  (hat  the  extra  amount  of 
food  consumed  by  tlie  working  animal  suffices  for  the  per- 

'  Tlie  mimpprcliciudon  of  tliia  fitct  wiu  tho  origio  of  Dr.  EIaiu**  rigorma 
ttitifiie  ia  thn  '  Xtni:U«tjth  CeDtor;  *  of  April  187S. 
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formance  of  its  work.  A  atrong  horse,  not  working,  is 
amply  nourished  on  15  lbs.  of  hay  and  5  lbs.  of  oats  per 
day.  Were  the  aQimal  to  perform  the  daily  work  of  lift* 
ing  a  weight  12,960,000  lbs.  one  foot  high,  it  cotdd  not 
exist  on  the  same  nutriment.  To  keep  it  in  good  con- 
dition wc  must  add  to  its  food  1 1  lbs.  of  oats.  The  20 
Ibe.  of  food  first  mentionet^,  which  is  proportional  to  the 
quantity  we  have  named  x^  contAins,  according  to  Bous- 
aingault,  8*074  lbs  of  carbon.  The  additional  1 1  lbs.  of  oats 
— which  corresponds  to  our  quantity  y — contains,  accord- 
ing to  the  same  authority,  4*734  lbs.  of  carbon. 

According  to  Boussingault  also,  the  carbon  taken  in, 
iR  to  that  excreted  in  a  combustible  form  as  39.^8:  1364 '4. 
Calculating  from  these  data  we  find  x,  or  the  quantity  of 
carbon  burnt  by  the  resting  animal)  to  be  5*27G6  lie. 
and  y  to  be  3*094  lbs.  7'he  quantity  consumed  in  me- 
chanical effect  is,  as  before  stated,  1*34  lbs.,  which  we 
will  call  z. 

We  have  then  the  fullowiog  relations: — 1.  The  me- 
chanical effect  is  to  the  tutal  consumption  as  z  Ix-^-y 
=0*16  (about  J),  2,  The  mechanical  effect  is  to  the 
extra  consumption  of  the  working  animal  as  z  I  y=0*43 
(nearly  i).  3.  The  amount  of  heat  generated  at  re«t  is  to 
tliat  generated  during  work  as  a;  :  «  +  ?/— -=0*75  (^)  [thus, 
notwithstanding  the  loss  of  s,  the  working  animal  is  the 
warmest].  So  much  for  a  hofHO-  Taking  the  data  obtained 
by  Liebig  with  the  soldiers  and  prisoners  at  G  lessen, 
Mayer  establishes  the  following  relations  for  a  man : — 
1.  The  mechanical  effect  is  to  the  total  consumption  as 
95-7  :  540=0-177  (with  the  horse  it  was  0-16).  2.  The 
mechanical  effect  is  to  the  surplus  consumption  of  Ihu 
man  at  work  as  95*7  C  285  =  0*336  (with  the  horse  it  was 
0"43).  3.  The  generation  of  heat  during  rest  is  to  the 
generation  during  work  as  255  \  540  — 95*7 =0*57  (with 
the  horse  it  was  0'75). 
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Id  these  calculations  Mayer,  for  the  sake  of  simplicity-, 
confined  himaelf  to  the  conBumed  carbon  of  the  food.  If 
it  be  desired,  he  says,  to  make  the  heat  of  comhutition 
equal  to  that  of  the  carbon  plus  the  hydrogen,  the  addi- 
tional heat  of  the  latter  may  Ite  set  down  as  ^  that  of 
the  carbon^  These  determinations^  he  addR,  can  make  no 
claim  to  universal  validity,  aa  it  is  evident  that  work  and 
consumption  mo^t  vary  with  the  individual  constitution 
and  circumstances  of  life.  The  foregoing  results,  however, 
prove  the  following  propositions  to  t>e  in  harmony  with 
eiperimental  facts : — 

1.  The  extra  food  consumed  by  the  working  organism 
fumiBhea  an  amply  sufficient  chemical  ei:tuivaleDt  for  the 
mechanical  work  performed, 

2.  Tlie  qiumtity  of  carbon  devoted  by  a  working 
mammal  to  the  production  of  mechanical  effect  hardly 
amounts  to  |  of  the  total  consumption.  The  remaining 
^  are  consumed  in  the  gcncmtion  of  heat. 


Ml  this  was  published  in  1845.  Seven  years  aubaft- 
ijuently,  viz.  in  1852,  one  of  the  most  penetrating  in- 
tellects of  our  time,  not  aware  of  what  Mayer  had  done 
so  long  bc^fore,  wrote  as  foUowa  :— '  An  estimate,  accord- 
ing to  the  same  principle,  is  made  by  the  author  (Sir 
William  Thomson)  regarding  the  relation  lielween  the 
thermal  and  the  non-thermal  mechanical  effects  pro- 
ducer! by  a  man  at  work ;  by  which  it  appears  tliat 
probably  ii«  much  as  jt  of  the  whole  work  of  the  chemical 
forces  aritiiiig  from  the  oxidation  of  his  food  during 
the  twenty^foiir  hours  may  bo  devoted  to  the  raising  of 
his  own  weight,  by  a  man  walking  up  hill  for  eight 
hours  a  day;  and  perhaps  even  ns  much  as  ^  of  tlie  work 
of  the  chemical  forces  may  be  directed  to  the  overcoming 
of  external  resistances  by  a  man  exerting  himself  for  six 
hours  a  day  in  sncb  operations  as  pumping.     In  the  former 
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case  there  would  not  be  mare  than  ^,  and  in  the  latter 
not  more  than  |  of  the  thermal  equivalent  of  the  chemical 
action  emitted  as  animal  heat.* '  Mayer's  calculation,  which 
devotes  ^  of  the  chemical  forces  to  the  generation  of 
heat,  lies  between  the  two  figures  of  Sir  William  Thom- 
son. 

To  this  unbiassed,  and  indeed  miconscious,  testimony 
OS  to  Mayer's  accuracy,  penetration,  and  historic  position, 
may  be  added  the  deliberate  conclusion  of  one  of  the  most 
It-aroerl  scientific  men  of  this  age,  the  late  M.  Verdet,  who, 
in  a  most  excellent  discourse  delivered  before  the  Chemical 
Society  of  Paris,  expresses  himself  thus : — *  Ces  idecs  iutro- 
duites  pour  la  premi^  fois  dans  la  science  en  1845,  par 
Jtdes-Hcbert  Mayer,  font  faire  a  la  physiologie  gen^rale  uq 
progr^  assurdmcut  ^gal  au  progr^s  qui  est  rdswite,  vers 
la  fin  du  siecle  dernier,  des  decouvertcs  de  Lavoisier  et  de 
Senebier  Bur  la  respiration,'  The  import  of  Mayer*B 
labours  must  be  profound  to  cause  a  Freucli  philosopher  to 
rank  them  beside  those  of  I^uvoisicr.  *  Elles  ne  sont  paa 
d'ailleurs,' couttnues  Verdet,  'demeurees  u  Tel  at  de  pure 
theorie,  et  deux  series  distinctes  d'experiences  les  ont  deji 
confirmees  de  la  mani^e  la  plus  remarquable.*  The  first 
of  these  series  was  executed  by  M.  Kirn,  the  second  by 
M.  Baclard. 


We  return  to  Mayer,  For  the  conversion  of  chemical 
force  into  mechanical  effect,  animals,  he  says,  are  endowed 
with  specific  organs — the  muscles.  Two  things  are  asso- 
ciated with  the  activity  of  a  muscle — the  influence  of  a 
motor  nerve,  and  the  oxidation.  Like  the  whole  organism, 
the  muscle  has  its  psychicaU  as  well  as  its  physical  side ;  it 
embraces  nerve  influence  and  chemical  action. 

The  will  of  the  steersman  rules  the  motion  of  the 

*  '  Fhilotophicnl  MagTucioe,'  vol  it.,  p.  3M. 
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sua  this  qHritoal  jnflnenrp,  without  which  Um 
diip  'would  go  to  pieoas  oo  Uia  oeuest  rocks,  direeu  but 
mora  DoL.  For  tho  iBoiioa  wa  Deed  a  physical  force — 
tbe  lone  of  cool^vaDting  which,  de^ite  the  stroogett 
tmawBn  of  will,  the  ship  remaliu  dead^ 

MAjer  follows  up  this  fioe  poflsage   by  determioin^ 
more  cSMilj  the  particular  part  of  the  cffganism  whicli  is 
need  vp  in  the  perfbrmanoe  of  mechanical  work.     In  his 
dny   it   was  miirersally   suppoeed  that  the  muscles  were 
diawn  npoQ ;  bat  Uay^,  with  the  mechanical  equivalent 
of  heat  in  his  poasesaioOf  soon  perceived  that  the  muscle 
could   not  sustain  this  draft  upou  itA  substance.     Ue  first 
«aniDciated  the  truth,  which  sul^sequent  investigators  have 
verified,  that  the  muscle  is,  in  the  main,  the  apparatus  by 
which  the  tnwna/ormalion  of  energy  is  effooted,  but  Umt  it 
is  not  the  substance  oonstinud  in  producing  the  mechanical 
effect.     He  shows  by  calculation  what  would  occur  if  the 
muscles  constituted  the  fire-wood  of  the  body.    The  muscles 
of  a  working  man  whose  total  weight  is  150  Ibs^  weigh 
64  lbs.     Subtracting  77  per  cent,  for  water,  lo  lbs.  of  dry 
combustible  matter  rvmain.     Let  us  assume  for  a  moment 
'though  of  counK  it  is  not  to  be  taken  for  gianted )  that  the 
heat-giving  power  of  this  masii,  which    contains  -10  per 
cent,  of  oxygen  and  nitrogen,  is  equal  to  that  of  an  e<]iial 
mass  of  pure  carbon ;  then,  if  work  corresponding  to  the 
daily  conversion  of  0*1 9   lb.   of  carbon  into  mechanical 
e0ect,  were  accomplished  at  the  expense  of  the  muscles, 
they  would  he  wholly  oxidised  in  eighty  days. 

This  deduction  becomes  still  more  evident  if  we  con^ 
fine  ourselves  to  the  work  performed  by  a  single  muscle 
— the  heart.  Assuming  with  Videntin  the  quantity  of  blood 
sent  forward  at  each  systole  by  the  left  ventricle  tA  he 
150  cubic  centimetres;  and  with  Poiseuille  that  the 
hydrostatic  pressure  in  the  arteries  is  equal  to  that  of  a 
column  of  mercury  16  oentimctrcs  high;  the  mechanical 
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effect  produced  l>y  the  left  veutriclo  at  each  systole  can 
tht'U  be  culculatetl.  It  is  eqtiai  to  the  lifting  of  a  column 
of  mercury,  with  a  hose  of  a  square  centimetre  and  a 
height  of  16  centimetres,  150  centimetres  high.  The 
weight  of  Buch  a  column  U  217  grammes;  the  effect  of  a 
eystole  ia,  therefore, 

_  f325'6  grammes  raised  1  metre. 
1     2  lbs.  „       I  foot. 

Tliis  xa  equivalent  to  0*887  of  a  thermal  unit,  or  to  the 
oombuBtion  of  0*0001037  gramme  of  carbon.  Assiuning 
the  puW  to  beut  70  a  minute,  which  for  a  day  would  \ye 
100,800  beats,  the  work  performed  by  the  left  ventricle  iu 
a  day  is  equivuluut  to  the  raising  of  202,000  Iba.  a  foot 
high.  This  is  equal  to  89,428  thermal  unitn,  which 
nds  to  the  combuation  of  10*45  grammes  of 
carbon.  According  to  Valentin,  the  work  done  by  the 
right  ventricle  is  half  that  done  by  the  left.  The  work  of 
both  chambers  in  a  single  day  is,  therefore,  equal  to  the 
raising  of  303,000  lbs.  1  foot  Jiigli.  This  correeponds  to 
134,143  thermal  units,  or  to  the  combustion  of  15*67 
granmiee  of  carbon. 

Taking  the  weight  of  the  whole  heart  to  l*e  500 
grammes,  and  deducting  from  tJiis  77  per  cent,  of  water, 
we  have  remaining  115  grammes  of  dry  uombustible 
matter.  Assuming,  as  before,  this  matter  to  be  equivalent 
to  pure  carbon,  it  would  fuUow  that  the  entire  organ,  if  it 
bad  to  furnish  the  fuel  necessary  to  its  mechanical  action, 
would  be  oxidised  in  8  days.  Taking  the  wf>ight  of  the 
two  veni  rides  alone  as  202  grammes,  imder  the  same  con- 
ditions they  would  be  completely  burnt  up  in  3^  days.  The 
assumption  of  a  rapid  combustion  and  renewal  of  the 
norma.11y  active  mu;H:les  is,  says  Mayer,  in  open  contradic- 
tion to  physiological  and  microscopical  facts.  And  the  above 
numerical  values  of  3^  and  80  days,  respectively,  prove  to 
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demoni^tration  that  no  considerable  portion  of  the  com- 
bustible matter  devoted  to  mechanical  work  can  be  derived 
from  the  inuACular  fibres  tbemselvee.' 

It  is  a  pleasure,  as  well  aa  a  duty,  to  st^te  the  extent 
to  which  Mayer  had  been  anticipated  by  others,  as  regmrds 
vital  dynamics.  In  a  popttscript  to  a  paper  in  the 
December  number  of  the  * Phil(»ophical  Magazine*  for 
1843,  Dr.  Joule  writes  thus  : — ^  On  conTereing  a  few  dajB 
ago  with  my  &iend  Mr.  John  Davies,  he  told  me  that  he 
had  himself  a  few  years  ago  attempted  to  account  for  that 
part  of  animal  heat  which  Crawford's  theory  had  left  unex- 
plained, by  the  friction  of  the  blood  in  the  veins  and 
arteries,  but  that,  finding  a  similar  hypothesis  in  Hallcr*a 
•'Physiology,"  ho  had  not  pursued  the  subject  further. 
It  is  unquesUooablti  that  beat  is  produced  by  friction,  but 
it  must  be  understood  that  the  mechanical  force  expended 
in  the  friction  is  a  part  of  the  force  of  affinity,  which 
causes  the  venous  blood  to  unite  with  the  oxygen,  so  that . 
the  whole  beat  of  the  syHtem  must  still  lie  referred  to  the 
chemical  changes.  But  if  the  animal  were  engaged  in 
tiuning  a  piece  of  machinery,  or  in  ascending  a  mountain, 
I  apprehend  that,  in  proportion  to  the  muscular  effort  put 
forth  for  the  purpose,  a  diminutwji  of  heat  evolved  in  the 
system  by  a  given  chemical  action  would  be  experienced/ 
Tliis  citation  embraces,  I  believe,  every  word  that  had  been 
published  on  ^^tal  dynamics  prior  to  the  appoaronce  of 
Mayer's  essay  on  '  Organic  Motion.*  Mayer,  I  may  add, 
spoke  to  the  end  in  terms  of  the  most  generous  apprecia- 
tion of  the  labours  of  Dr.  Joule. 


*  t  haro  here  giren  A  riramA  of  lea  titan  half  of  Mayers  Sooond 
Muiuoir.  Tbo  remii)o(l«r  ib  for  tho  mo«t  pnrt  parelj  phjiiological.  Thm 
cimo,  howsTor,  maj  oonie  wbea  I  aball  be  ftiile  to  bring  it  alao  htian  th« 
Bngliib  poUia 
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But  we  have  not  yet  done  with  thi:*  remarkable  man. 
He  began  by  establishing  a  secure  physical  baais  for  the 
aittonisbing  superstructure  which  he  afterwards  raised. 
He  passed  from  inorganic  to  organic  nature,  and  brought 
the  vital  proce£Bes  of  both  plants  and  animals  under  the 
yoke  of  his  Obo'sten  Grundsatz — his  liighest  law.  With 
keen  vision  and  sure  step,  he  sought  and  found  the  8oarc« 
of  all  terrestrial  energies,  living  and  non-living,  in  the 
sacrifice  of  solar  light  and  the  equivalent  generation  of 
chemical  forces.  But  he  did  not  halt  here.  He  asked 
himself — What  is  the  Kource  of  this  source  ?  WTience  does 
the  sua  derive  his  power,  and  how  is  his  vast  emission 
maintained  ?  It  is  obvious  that  the  tbenretio  answer  to 
this  question  was  in  \\h  possession  in  1645.  He  then,  a.^ 
we  have  seen,  aflSriueJ  that  as  a  source  of  heat  the  full 
play  of  gravity  in  celestial  space  was  immensely  greater 
than  the  most  intense  terrestrial  affinitien;  he  calculated 
the  thermal  effect  of  the  act  of  mechanical  combination 
with  the  earth — that  is  to  say,  the  heat  produced  by  the 
impact  of  a  body  animated  by  the  entire  pull  of  gravity, 
drawing  it  from  a  position  where  the  attraction  is  insen- 
sible down  upon  the  earth ;  he  determined  the  amoimt  of 
heat  requisite  to  lift  the  earth  from  the  surface  of  the 
»iun,  to  place  it  at  its  present  distance,  and  to  impress 
upon  it  there  its  orbital  motion ;  proving  the  requisite 
heat  to  be  equal  to  that  profUieed  by  the  combustion 
of  more  than  six  thousand  earths  of  solid  coke.  The 
meteoric  theory  of  sular  heat  was  thus  obviously  in  Mayer's 
hands  at  least  three  years  before  he  formally  developed 
and  published  it. 

The  memoir  in  which  the  theory  is  developed  is  en- 
titled '  Beitrage  zur  Dynamik  des  Himmels,*  *  Contribu- 
tions to  Celestial  Dynamics,'  which  wns  published  in  1 848.  * 

'  Tmnslmtcd  t^y  T>r.  D«T)D«.  *  PhiloAophicnl  Mi^iuiae.*  IMS,  sxt.  241, 
3«7.  417. 
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Every  iucaadesccnt  Ijody  aa  it  radiates  light  and  heat,  dira- 
inlsbes  in  temperature  and  luimDOU9tne^!),nDd  finally,  unless 
the  loss  be  repaired,  becomes  cold  and  dark.  For  light, 
like  sound,  consi-^tti  of  vibnitioni;  which  are  coinmimicated 
by  the  luminous  body  to  a  &urroundinf;  medium.  If  the 
vibratory  motion  of  a  string  could  take  place  withont 
any  resistance,  it  would  oscillate  for  all  time;  but  in  the 
same  degree  as  the  string  commuuicates  it^  vibrations  to 
the  surrounding  medium,  its  own  motion  becomes  weaker, 
until  at  last  it  sinks  into  a  state  of  rest. 

The  sun,  says  Mayer,  has  often,  and  appropriately,  been 
compared  to  an  incessantly  sounding  beJl.  Hy  what  means 
is  the  power  of  this  orb  sustained  io  untlimiuished  force,  so 
as  to  enable  it  to  send  forth  its  rays  into  the  universe  so 
continnonsly  ?  What  are  the  causes  which  counteract  the 
sun's  e&Iiaustion,  thus  saving  the  planetary  system  from 
darkness  and  the  cold  of  death  ? 

lu  his  <luring  attempt  to  answer  this  qiiestion,  to 
which  slight  reference  was  made  in  our  last  lecture,  Mayer 
first  considers '  the  sources  of  heatJ  After  naming  several, 
he  goes  on  :— A  general  law  of  nature  which  knows  no  ex- 
ception is  that,  to  obtain  heat,  something  must  be 
expended.  However  it  may  vary  in  other  respects,  this 
something  can  always  be  referred  to  one  of  two  categories ; 
either  it  is  material  expended  in  a  chemical  process,  or  it 
is  some  sort  of  mechanical  work.  After  defining  his  imit 
of  lifat  to  be  the  quantity  necessary  to  raise  one  kilo- 
gramme (ahout  2  lbs.)  of  water  l^C.,  he  states  the  number  uf 
such  units  generated  hy  various  ctimbuslible  substances. 
Charcoal  in  oxygen  yields  7,200  miits;  superior  coal  6,000 
units ;  dry  wood  from  3,300  to  3,900  units ;  sulphur  2,700, 
and  hydrogen  34,fi00.  Experiment  proves  the  number  of 
units  ot  heat  generated  to  depend  solely  upon  the  quantity 
of  matter  consumed,  imd  not  on  the  way  in  which  it  is  con- 
sumed.   Tlie  same  nmnunt  of  heat  is  given  out  whether  the 
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combustion  proc-eed  slowly  or  quickly — in  atmospheric  aii 
or  in  pure  oxygen.  In  like  manner,  as  regards  the  quantity 
of  heat  generateil,  it  ia  a  matter  of  indifference  whether  a 
l>ody — say  a  metal — is  burnt  in  the  air,  its  heat  being 
measured  directly,  or  oxidised  in  a  voltaic  battery,  while 
the  heat  is  generated  at  another  place — say  in  a  distant 
wire  through  which  the  current  flows.  The  same  law,  he 
continue^  holds  pjood  for  the  mechanical  production  of 
heat.  The  amount  depends  solely  on  the  fjuantity  of 
power  consiuned,  and  is  quite  independent  of  the  manner 
in  which  the  power  is  expended.' 

Passing  from  terrestrial  aourcea  to  the  sun's  heat,  he  cites 
the  respective  residts  of  Hcrschel  and  Poiiillot,  theone  mak- 
ing the  quantity  which  reaches  the  earth  yearly  sufficient 
to  melt  a  layer  of  ice  29*2  metres  in  thicknesd,  while  the 
other  makes  llie  thickness  of  the  lavL-r  30*89  metres. 
Every  square  metre  of  the  surface  of  the  earth,  according 
to  Pouillet's  measurement,  receives  4,408  units  of  heat 
from  the  sun,  wliile  tlie  whole  earth  receives  2,247  billions 
of  units  per  minute.  With  the  view  of  obtaining  smaller 
numbera,  Slayer  calls  the  quantity  of  h<:at  necessary  to 
raise  a  cubic  mile  of  water  1*  C  in  temperature,  a  cubic 
mile  of  heat,  and  finds  by  calculation  that  5'5  cubic  miles 
are  bent  per  minute  from  the  sun  to  the  earth.  Let 
the  ifun  be  surrounded  by  a  hollow  sphere  of  a  radiue 
equal  to  the  mean  distance  of  the  earth  from  the  sun, 
then  the  base  uf  the  cone  of  solar  light  which  reaches  our 
earth  is  to  the  whole  surfece  of  the  hollow  sphere  aj  1  to 
2,300  millions.  The  total  radiation  of  the  sun  amounts, 
therefore,  to  1 2,650  millions  cubic  miles  of  heat  pvr  minute. 


'  It  na]r  b«  mnarkud  that  in  bis  tmiufiirence  of  muBCulHr  hMt  to 
oxtemal  epacs,  Mttjrtir  do«a  not  mippOM  tliut  tbo  actiou  erer  nncliM  tJie 
vtAgo  of  htnt  ID  tbe  Tnust-lc.  The  fire,  ho  sayn,  in  trancfnred  in  iU  noMcent 
cottdititm.  It  raMmblea  iu  UiU  rrspect  the  faml  of  Dio  Tollaie  iMttcij,  thf 
cstbmiU  htht  Dover  appenring  u  heat  within  the  oelUi. 
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This  amazing  radiation,  soys  flayer,  nnless  iho  loss  ia  by 
some  means  mado  good,  ought  to  rapidly  cool  even  a  body 
of  the  ma^itade  of  the  sim. 

Assuming  the  civpacity  of  the  sun  for  heat  to  he  equal  to 
the  highest  known  on  earth,  and  its  loss  by  radiation  to  affect 
imiformly  itn  whole  mass  its  temperature  ouj^ht  todecreaM 
1-8*  C-  yeariy.  This  for  the  historic  time  of  5,000  years 
would  araotmt  to  9,000*  C.  But,  continues  Mayer,  a 
uniform  cooUng  of  so  huge  a  mass  cannot  take  place.  On 
the  contrary,  if  the  radiation  wore  produced  at  the  expense 
of  a  piven  stoie  of  h^at,  or  radiant  power,  the  sun  would 
»oon  lieeorae  covered  with  a  cold  crust  which  would  put  an 
end  to  the  mdiation.  Considering,  then,  the  continued 
clivity  of  the  sun  throtigh  countless  centuri«>s,  we  may 
sumo  with  mathematical  certainty  the  eriatenoe  of  some 
cnmpensatinj^  influence  to  make  good  its  enormous  loss. 

Is  this  restoriuff  agency,  he  asks,  a  chemical  process  ? 

Making  the  most  favourable  assirmptinji,  that  the 
sun  is  a  lump  of  coal,  every  kilogramme  of  which  pro- 
duoes  6,000  units  of  heat.  Mayor  calculates  that  to  yield 
the  present  solar  expenditure  &uch  a  block,  even  if  pro- 
vided with  the  necessary  supply  of  oiyfrnn,  would  be 
hunit  awav  iu  4,600  years.  He  conridera,  and  refutes,  the 
notion  that  the  heat  of  the  sim  is  due  to  the  friction  of  his 
periphery  against  something  in  space ;  showing  first  of  all 
the  intrinsic  alwurdity  of  the  notion,  and  then  proving 
by  calculation  that  the  whole  energy  of  rotation,  if  con- 
verted into  heat,  would  only  cover  the  expenditure  of  the 
Sim  for  1 80  years. 

He  finally  discerns  the  cause  of  the  sun's  heat  in  the 
organigation  of  the  planetary  system  itself.  The  move- 
rneut-<»  of  celestial  bodies  in  an  absolute  vacuum  would  he 
ns  uniform  as  those  of  a  mathematical  pendulum,  whereas 
a  resisting  medium  penading  all  space  would  cause  the 

nets  to  move  in  ever  diminLthing  orbit-s,  and  to  fall  at 
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last  into  the  sun.  Assuming  such  a  resisting  medium^ 
theae  wandering  celestial  bodies  must  have  on  the  peri- 
phery of  the  aohir  system  their  cradle,  and  in  its  centre 
their  grave.  All  these  bodies  in  due  time  plunge  with  a 
violent  impetu-s  into  their  common  bed.  And,  since  no 
cause  exists  without  an  effoct,  every  one  of  thc:«3  cuamieal 
[masses,  like  a  weight  falling  to  the  earth,  will  produce  by 
its  abock  an  amount  of  heat  proportional  to  iti»  vis  vmt.' 
On  the  non-existence  or  the  existence  of  a  resisting 
ether  it  depends  whether  the  celestial  bodies,  the  planets, 
the  comets,  and  the  asteroids  move  at  constant  mitan 
distances  round  the  sun,  or  whether  they  are  constantly 
approaching  him.  Scientific  men  do  not  doubt  the  exis- 
tence of  such  an  etht-r — a  direct  prrxjf  indeed  of  the  presence 
of  a  resisting  medium  has  been  furnished  by  Kucke.  He 
found  that  the  comet  named  after  him,  which  revolves 
round  the  sun  in  the  brief  period  of  1 ,207  days,  sliows  a 
regular  acceleration  of  its  motion,  in  consefpiencc  of  which 
the  period  of  each  succeeding  revolution  is  shortened  by 
about  six  hours.  The  shortening  of  the  diameter  of  the 
planetary  orbits  from  this  cause  has  been  hitherto  inappre- 
ciable, but  it  may  happen  that  in  the  interval  during 
which  the  mran  distance  of  the  earth  from  the  sun  would 
diminish  one  metre,  a  small  asteroid  would  travel  more 
than  a  thousand  miles  towar<ls  the  central  body. 

As  cosmical  masses  stream  from  all  sides  in  immense 
numbers  towards  the  sun,  it  follows  that  as  they  approach 
thereto,  they  must  become  more  and  more  crowded  toge- 
ther. The  conjecture  at  once  arUes  that  the  zodiaca 
light,  tliat  nebulous  brightness  of  vast  dimensions  which 
surrounds  the  sun,  owes  its  origin  to  such  closely  packed 
asteroids.  However  this  may  bo,  so  much  is  certain,  that 
this  phenomenon  is  caused  by  matter  which  moves  accord- 
ing to  planetary  laws,  from  which  it  follows  that  the  whole 
*  Compare  thia  pitrtU[niph  vith  Uie  qaoUtion  At  p.  666. 
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masa  -which  produces  the  zodiacal  light  is  continnaJly 
approaching  and  falling  into  the  sun.  The  effect  pro- 
duced by  these  impinging  masses  evidently  depends  on 
their  final  velucities,  and  in  order  to  determiue  tbe  lalU^r 
Mayer  discusseR  some  of  the  elements  of  the  theory  of 
gravitation.  He  determines  the  inaximiun  velocity  of 
impact  correiiponding  to  tlie  fall  of  a  hody  from  an 
inBnite  distance,  the  minimum  velocity  which  corresponds 
to  tha  rcvulution  of  an  asteroid  clnse  to  the  burface  of  the 
sun,  and  the  intermediate  velocity  of  a  hody  circulntiog 
at  a  distance  from  the  sun.  What  thermal  vfTect,  he  asks, 
correeponds  to  sucli  velocities?  Is  it  sufficiently  great  to 
play  an  important  part  in  the  immense  develupmeut  uf  solar 
heat?  Applying  a  forraida  previously  ohtained,  he  finds 
that  the  velocity  of  an  asteroid  when  it  btrikes  the  sun  may 
vary  from  445,750  to  630,400  metres  asecond.  From  this 
ho  deduces  the  calorific  eSeet  of  impact,  and  6nds  it  to  he 
from  27^  to  55  million  units  of  heat.  An  asteroid,  there- 
fore, by  its  fall  into  the  sun,  dcvelopes  from  4,600  to  9,200 
times  the  heat  generated  by  the  combustion  of  an  equal 
mass  of  coal. 

From  experiments  on  the  transmission  of  radiant  heat 
through  glass  and  other  transparent  bodies,  Mayer  inhn 
that  tho  temperature  of  the  source  from  which  solar  heal 
is  radiated  is  far  higher  than  the  most  powerful  process  of 
combustion  could  make  it.  Other  considerations,  be  says, 
leafl  to  the  same  conclusion.  If  we  imagine  the  sun 
surrounded  by  a  hollow  sphere,  the  inner  surface  of  this 
sphere  will  receive  all  bis  radiant  heat.  At  the  di:>!tancc 
of  oiur  e-irth  from  the  sun,  such  a  spliere  would  have  a 
radius  215  times  as  great  and  an  area  46,000  times  ax 
large  as  the  sun  himself.  The  luminous  and  e&lori6o 
rays,  therefore,  whicli  strike  this  spherical  sur&ce  at  right 
angles  retain  only  ,'„I^th  part  of  their  original  intensity. 
If  it  hi*  further  considered  that  our  atmosphere  abaorbs  a 
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portion  of  the  solar  heat,  it  is  clear  that  the  rays  which 
reach  the  tropics  at  noonday  can  only  posscsa  from  j^—th 
to  i^th  of  the  energy  with  which  tliey  started.  Gathered 
from  a  surface  of  from  5  to  6  square  metres,  and  concen- 
trated in  an  area  of  one  square  centimetre,  these  rays 
would  produce  about  the  temperature  which  exists  on  the 
sun — a  temperature  more  than  sufficient  to  convert  the 
most  refractory  metals  into  vapour, 

A  correct  theory,  he  says,  of  the  origin  of  the  8un*8 
beat  must  aa'^ign  the  cause  of  such  an  enormous  tempera- 
ture. According  to  Pouillet,  the  temperature  at  wliich 
bodies  appear  intensely  white  hot  is  about  1,500**  C.  One 
part  of  hydrogen  combines  with  eight  parts  of  oxygen  to 
form  water.  Hence  one  kilogramme  of  these  two  gases, 
mixed  in  this  proportion,  would  produce  3,850®.  Let  us 
compare  this  with  the  heat  generated  by  the  full  of  an  aste- 
roid into  the  sun.  Without  taking  into  account  the  pro- 
bjibly  low  specific  hcjit  of  the  body  compared  with  that  of 
water,  we  find  the  heat  developed  by  the  asteroid  on  collision 
with  the  solar  surface  to  be  from  7,000  to  14,000  times 
greater  than  that  of  tlie  oxyhydrogen  mixture.  From 
data  like  these  the  extraordinary  diathermic  energy  of  the 
sun's  rays,  the  immense  radiation  from  its  surface,  and  the 
high  temperature  in  the  focus  of  a  reflector  are  all  to 
be  inferred.  It  matters  not  whether  the  nutriment  of  the 
sun  be  combustible  or  incombustible.  As  the  brightest 
artificial  light  appears  dark  in  comparison  witli  solar 
light,  so  the  mechanical  processes  of  the  heavens  throw 
into  the  shade  the  most  powerful  chemical  actions. 

Mayer  next  considers  the  effect  of  this  constant  shower- 
ing dowu  of  meteoric  matter  on  the  mass  of  the  snn,  com- 
paring it  to  a  fine  terrestrial  niin  which  sends  down  in  an 
honr  a  layer  of  water  one  millimetre  in  thickness.  He 
coDcludes  that  the  increase  of  the  suu^s  vuluuie  could 
scarcely  be  appreciated  in  historic  times.     Not  qtiite  so 
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inappreciable  would  be  tbe  increase  of  the  solar 
Tbis  amounts  to  2*1  quiutillions  of  kilograinmee ;  while 
the  mass  of  coRmical  matter  annually  precipitated  on  the 
BUD  stands  to  the  sun's  mass  in  the  relation  of  I  to  from 
21  to  42  millions.  Such  an  augmentation  of  the  weiglit 
of  the  sun  ought  to  shorten  the  sidereal  year  &om 
a^^  t"  ESSSs.**^  0^  »t-^  length,  or  from  ^tha  to  Jtha  of  %^ 
second.  Mayer  here  tbsumes  a  compensating  action 
which  there  seems  no  warrant.  He  supposes  a  low 
substance  to  be  bound  up  with  tlie  origination  and  propa- 
gation of  undulatory  motion. 

He  next  fixes  his  attention  on  Sun-spots,  quoting  the 
description  of  the  solar  surface  given  by  Sir  John  Herscliel. 
These  changes  on  the  solar  surface,  he  says,  evidently 
point  to  the  action  of  some  external  disturbing  force; 
for  every  moving  power  resident  in  the  sun  ought  to 
exhaust  itself  by  its  own  action.  With  regard  to  the 
origin  of  tbe  spots  and  the  faculte,  probable  oonjeotures 
arc  all  that  he  presumes  to  offer.  Since  gases  when  free 
from  any  solid  particles  emit  even  at  very  high  tempera- 
tures only  a  pale  transparent  light,  it  is  probable  that 
the  intense  white  light  of  the  sun  has  its  origin  in  tbd 
denser  parts  of  his  surface.'  If  this  be  admitted,  tbe 
spots  and  faculce  seem  to  be  caused  by  the  disturbaai 
of  the  fiery  molten  ocean,  by  the  plunging  into  it  of 
streams  of  asteroids.  The  deeper  and  less  heated  parts  of 
this  ocean  become  thus  exposed  as  spots,  whereas  the 
elevations  form  the  so-called  faculae. 


There  is  one  other  consideration  connected  with  the 
permanence  of  our  present  terrestrial  conditions,  which  is 
well  worthy  of  our  attention.  Standing  upon  one  of  the 
LfOndon  bridges,  wo  observe  the  current  of  the  Thames 

*  Tba  explAnatioD  of  tJia  lines  of  Fnuoliofur  c«rrin  tloag  with  It  tW 
KioCcmatioa  of  th«  ricwa  of  Major. 
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reversed  and  the  water  poured  upwards  twice  a  day.  The 
water  thus  moved  rubs  against  the  river'a  bed  and  sides, 
and  heat  is  the  consequence  of  this  friction.  The  heat 
thus  generated  i«,  in  part,  radiated  into  space,  and  there 
lost,  as  far  as  the  earth  is  concerned.  What  is  it  that 
supplies  this  incessant  loss?  Mayer  answers — the  earth's 
rotation.  Let  us  imagine  the  moon  fixed,  and  the  earth 
turning  like  a  wheel  from  west  to  east  in  its  diurnal 
motion.  A  mountain  on  the  earth's  surface,  on  approach- 
ing the  moon's  meridian,  is,  as  it  were,  laid  hold  of  by 
the  moon  j  it  forms  a  kind  of  handle,  by  which  the  earth 
is  pulled  more  quickly  round*  But  when  the  meridian 
is  passed,  the  pull  of  the  moon  on  the  mountain  would 
be  in  the  opposite  direction ;  it  would  tend  to  diminish 
the  velocity  of  rotation  as  much  as  it  previously  augmented 
it ;  and  thus  the  actiou  of  all  fixed  bodies  on  the  earth's 
surface  is  neutralised. 

But  suppose  the  mountain  to  lie  always  to  the  east 
of  the  moon's  meridian,  the  pull  would  then  be  always 
exerted  against  the  earth's  rotation,  the  velocity  of  which 
would  >je  diminished  in  a  degree  corresponding  to  the 
strength  of  the  puU.  Tha  tidal  wavtf  occupies  this 
position.  In  consequence  of  this,  the  waters  of  the  ocean 
are,  in  part,  draggerl  as  a  brake  along  the  surface  of  the 
earth,  and  as  a  brake  they  must  diminish  the  velocity  of 
the  earth's  rotation.'  The  investigations  of  Hansen,  Adams 
and  Delannay  have  established  the  fact  of  retardation. 
Supposing,  then,  that  we  turn  a  mill  by  the  action  of  the 
tide,  and  produce  heat  by  the  friction  of  the  millstones ; 
that  heat  has  an  origin  totally  different  from  the  heat 
produced  by  another  pair  of  millstones,  which  are  turned 
by  a  mountain  stream.  The  former  is  produced  at  the 
expense  of  the  earth's  rotation;  the  latter  at  the  expense 
of  the  sun's  heat,  which  lifted  the  millstream  to  its  source. 

'  Kant  bad  tt:o  stigncUy  to  pcKeire  this. 
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Id  ou  article  publUhed  in  1862  Sir  WiUiam  Thomfiim 
referred  the  primordial  energy  of  the  universe  to  gravita- 
tioii.  'Created  Kimply  as  a  diSercDce  of  poi^iliou  of 
attracting  masses,  the  potential  energy  of  gravitation  was 
the  original  form  of  all  the  energy  of  the  universe,'  Itia 
closely  resembles,  if  it  he  not  identical  with,  the  doctrine 
enimciated  by  Mayer  tifteen  years  earlier.  After  fthowing 
bow  the  molten  condition  of  the  earth  had  been  inferred 
from  ita  spheroidal  shape,  Mayer  proceeds  thus  .• — '  New- 
ton's theory  of  gravitation,  while  it  enables  us  to  tell 
from  the  present  form  of  the  earth,  its  state  of  aggrega- 
tion in  ages  past,  point*  out  to  us  at  the  same  time  a 
source  of  thermal  energy  powerful  enough  to  produce 
such  a  state  of  aggregation — powerful  enough  to  melt 
worlds.  It  teaches  us  to  consider  the  molten  condition 
of  a  planet  as  the  result  of  the  mechanical  union  of 
cosmical  masses,  and  tlius  to  derive  the  radiation  of  the 
mn  and  the  heat  in  the  bowels  of  the  earth  from  a 
coiiuuuu  origin.* 

In  the  article  just  referred  to  Sir  William  Thomson 
continues  thus  : — *  As  surety  as  the  weights  of  a  clock  run 
<lown  to  their  lowest  position,  from  which  they  can  never 
rUe  again,  unless  fresh  energy  is  commimicated  to  them 
from  some  source  not  yet  exhausted,  so  surely  must  planet 
after  planet  creep  in,  age  by  age,  towards  the  sun.  When 
each  comes  within  a  few  hundred  thousand  miles  of  his 
surface,  if  he  is  still  incandescent,  it  must  be  melted  and 
driven  into  vapour  by  radiant  heat.  Nor,  if  he  be  crusted 
over  aud  become  dark  and  cool  externally,  can  the  doomed 
planet  escape  its  fiery  end.  If  it  does  not  become  incan- 
descent, like  a  shooting  star,  by  friction  in  its  passage^ 
through  his  atmosphere,  its  first  graze  on  his  surface  mi 
produce  a  stupendous  dash  of  light  and  heat.  It  may  be 
at  once,  or  it  may  be  after  two  or  three  bounds,  like  a 
cannon-fibot  rioochetting  on  a  surface  of  earth  or  water,  the 
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whole  nuiss  must  be  cru&hcd,  melted,  and  evaporated  b^ 
a  crash,  generating  in  a  moment  some  iboufands  of  times 
US  much  beat  as  a  coal  of  the  same  size  would  produce 
hy  burning.' 

But  it  is  &om  a  comparison  of  Mayer*s  *  Celestial 
Dynamics,*  published  in  1848,  with  Sir  William  Thomson's 
memoir  on  the  *  Mechanical  Energy  of  the  Solar  SjEitem,* 
published  in  1 854,  that  the  similarity  of  thought  in  two 
penetrative  minds,  workiof)^  under  similar  conditions,  comes 
most  conspicuou^ly  forth.  Thomson  considers  and  rejects 
the  assumption  that  the  stm  is  an  incandescent  body  losing 
heat.  Mayer  did  the  same.  Thomson  considers  and  re- 
jects the  hypothesis  that  solar  heat  is  due  to  chemical 
action.  This  was  also  the  course  pursued  by  Mayer. 
Thomson  discusses  and  emphatically  embraces  the  tlieory 
that  *  tlie  source  of  energy  from  which  solar  heat  is  de- 
rived is  undoubtedly  meteoric'  This  is  the  theory  tn\ 
clearly  enunciated  and  so  fiilly  developed  by  Mayer. 
Thomson  concludes  that  the  main  suurce  of  solar  light 
and  heat  is  the  tornado  of  meteors  which  shed  forth  the 
zodiacal  light.  Tiiis  was  also  Mayer's  conclusion,  The 
coincidence  between  tlie  two  essays  is  simply  astoni^hiug. 
As  an  instiince  of  agreement  in  a  matter  of  detail  take  the 
following :— '  A  dark  body,'  says  Thomson,  *  of  dimensions 
such  as  the  sun  in  any  part  of  space,  might,  by  entering  ii 
cloud  of  meteors,  become  incandescent  as  intensely  in  a 
few  seconds,  as  it  could  in  years  of  continuance  of  the 
same  meteoric  circumstances,  and  again  getting  to  a  posi- 
tion in  space  comparatively  free  from  meteors,  it  might 
almost  as  suddenly  become  dark  again.  It  is  far  from 
improbable  that  this  is  the  explanation  of  the  appearance 
or  disappearance  of  bright  stars,  and  the  strange  variations 
of  brilliancy  of  others  which  have  caused  9o  much  astonish- 
ment.'    This,  as  aforesaid,  was  published  in  1854.     In  an 
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%y  on  tlie  ^Mechanical  Equivalent  of  Heat,'  pubU«bed>] 
in  1850,   Mayer  had   written  thus: — *It   Ia   more  than 
prohable  that  the  earth  has  come  into  existence  in  some 
such  way  [by  the  collision  of  gravitating  masses]  and  that, 
in  consequence,  our  bub,  as  seen  &om  the  fixed  stan,  ex- 
hibited at  that  epoch  a  transient  burst  of  light.    But  what 
took  placo  in  our  solar  system  perhaps  millions  of  yean 
ago  still  goes  on  here  and  there  among  the  fixed  Bti 
The  transient  appearance  of  certain  stars,  which  in 
coses,  like  the  celebrated  star  Tycho,  bare  at  ilrst  an  extra- 
ordinary degree  of  brilliance,  may  be  satisfactorily  ex-, 
plained  by  assuming  the  felling  together  of  previousljl 
invisible  double  stars.* 

In  placing  Mayer  and  Sir  William  Thomson  thus  in 
apposition  I  must  leave  no  doubt  as  to  my  views  and 
motives.  I  therefore  say  emphatically  that  I  believe  the 
Msay  of  Sir  William  Thomson  to  be  al;>solntely  independ- 
ent of  that  of  Mayer — that  he  no  more  borrowed  from 
Mayer  than  Mayer  did  from  him.  But  I  desire  to  she 
how  far  a  man  of  natural  mathematical  genius,  ni 
in  the  very  lap  of  mathematics,  who,  moreover,  made' 
the  theory  of  heat  a  subject  of  early  and  special  study, 
had  l*en,  as  regards  the  great  qtiestions  here  discui 
anticipated  by  this  obscure  Heilbronn  phyddan.  The' 
literature  of  science  lay  open  to  \X&  professional  cultivators 
us  much  as  to  Mayer,  but  there  was  not  a  man  amongst 
them  who,  in  reference  to  the  forces  of  inorganic  nature, 
l»ad  reached  Mayer's  le%*cl  of  achievement  in  1842;  there 
was  not  a  man  amongst  thc;m  who,  in  reference  to  vital 
dynamics,  had  reached  his  intellectual  stature  in  1845. 
The  same  may  be  affirmed  with  strict  veracity  regarding 
his  performance  in  1848.  Then,  as  previously,  he  out- 
stripped all  others.  Genius  was  registered  in  Mayer's 
organization,  and  it  is  only  when  we  compare  bis  oppor- 
tunities with  bis  achievements — his  defective  c<lucatioD 
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with  his  inBtincUvo  and  overmaetoriDg  grasp  of  phenomena 
— that  the  real  force  of  that  genius  is  revealed.  It  was 
in  the  intervals  of  a  laborious  profession,  and,  as  he  hina- 
flelf  informs  ns,  without  the  slightest  stimulus  or  en- 
couragement from  without,  that  this  sou  of  a  Heilbronn 
apothecary  so  enriched  the  thought  of  his  age,  and  huilt 
for  himself  a  monument  which  can  never  be  overthrown. 


And  what  was  Mayer's  reward  in  his  lifetime?  \Miat 
measure  of  recognition  did  he  enjoy  ?  ITie  answer  is  a 
sad  one.  Thomas  y'oung  had  been  ridiculed  by  Brougham 
in  England,  and  the  ridicule  was  effectual  because 
Young  was  so  far  ahead;  George  Ohm  had  l»een  pro- 
nounced in  the  Berlin  Annual  of  Scientiiio  Criticism 
to  be  the  victim  of  incurable  delusion;  Mayer  in  like 
manner  was  flouted  by  his  townsmen,  and  in  the  •  Allge- 
meine  Zeitung '  had  Iwen  held  up  to  public  scorn.  As 
Biimelin  sagaciously  remarks,  that  power  of  concen- 
tration which  was  the  basis  of  his  fame^  became  the 
source  of  his  misery.  He  could  not  shake  off  the  sense  of 
injustice  which  perpetually  haunted  him.  '  Ei titer,*  he 
Baid,  'my  whole  method  of  thought  is  anomalous  and 
^perverse,  and  then  my  proper  place  would  be  a  madhouse, 
or  I  am  rewarded  with  scorn  and  ridicule  for  the  discovery 
of  important  truths/  There  was  no  escape  from  the  one  or 
the  other  of  these  conclusions,  and  the  one  was  as  dis- 
couraging OS  the  other.  He  lost  bis  sleep,  contracted 
brain-fever,  and  in  a  fit  of  delirium,  on  May  28,  1850,  be 
suddenly  rose  from  his  bed,  and  leaped  from  a  window 
thirty  feet  high  on  to  the  paved  street.  He  was  terribly 
shaken  and  bruised,  but  not  killed,  and  before  the  year  was 
ended  he  was  able  to  write  his  profound  ea«ay  on  the 
•  Mechanical  Equivalent  of  Heat.'  But  the  heart  of  inves- 
tigation had  been  broken  within  him  ;  he  returned  to  his 
practice   as   phy.sician,  and   though   he   published   some 
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small  papers  afterwards,  tbcy  give  little  evidesoe  of  that 
marveUous  genius  which  characterised  the  Brst  ei^tyenrs 
of  bifl  scientific  career.* 

I  met  Mayer  at  Zurich  in  1864.  His  life,  he  tbefl 
told  me,  had  taken  a  new  departure.  The  scorn  of  hi» 
townsmen  had  passed  away,  and  he  was  met  with  respectful 
recognition  where  he  bad  previously  encountered  enc 
He  was  afterwards  euuoUed  at  home,  and  he  received  manj 
high  marks  of  distinction  &om  abroa^l.  He  died  on  March 
21,  1878.  Crowds  attended  the  burial ;  eloquent  and  sym-J 
pathetic  discourses  were  pronounced  by  eminent  men$n 
while  the  government  authorities  of  Heilbronn  drew  down 
their  flags  as  he  was  lowered  into  the  gi^ve. 

The  following  letter  from  Dr.  Mayer  to  myself,  written 
at  the  time  when  the  tide  began  to  turn  in  bis  fiivour,  will 
be  read  with  interest : — 

'  Esteemed  Sir, — I  hardly  know  how  to  find  word^  to 
express  the  feelings  which  move  me  at  the  present  moment. 
On  the  16th  of  last  June  Professor  Claustus  convened  to 
me  the  intelligence  of  your  lecture  at  the  Koyal  Institu- 
tion. The  hopes  which  in  silence  I  ventured  to  cherish 
were  more  than  fulfilled  by  the  recognition  which  you 
there  accorded  me;  and  I  am  still  more  deeply  affected 
by  the  receipt  of  your  last  communications  to  the  "  Phi- 
losophical Magazine."  Your  kindness  impresses  me 
the  more  from  the  fact  of  my  haviug,  for  many  yeain,,! 
been  forced  to  habituate  myself  to  a  precisely  oppositaj 
mode  of  treatment. 

'  Tlie  question  of  priority  as  to  the  mechanical  equiva^ 
lent  of  heat  I  regarded  ns  exhausted  by  my  communicatiou 

'  Furthar  r*rprence  to  itio  lifa  of  Dr.  Mn^'er  might  hero  be  m&da.    Bat] 
this  I  i>o«tpouo  to  u  fntorfl  oocafiioD.     In  bU  intAreitin^  aketeli  publiahed 
in  ihn  'Auggburger  lichung,'  Cbaueellnr  Bumolia  nfen  to  a  hri«f  anto- 
bin((rapby.  vrittcD  for  me  by  Mnyer.    Thii  is  still  id  my  {MMeMion. 
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to  the  Academy  of  Sciences  in  Paris  (*  Comptes  Rendus/ 
vol.  ixix,  p.  534),  US  my  celebrated  rival,  Mr.  Joule,  did 
not,  to  my  knowledge,  reply  to  me.  I  have  referred  to  this 
document  in  a  communication  to  the  Academy  of  Sciences 
in  Vienna  (1851,  vol.  vi.,  No.  5).  Certainly,  however,  it 
has  never  been  my  desire  to  diminifih  in  the  slightest 
jgreethe  achievements  of  the  great  Manchester  physicist. 
have  never  regurdud  him  as  an  aut^goui^t,  but,  as 
you  have  truly  expressed  it,  have  always  considered  him 
be  an  esteemed  and  renowned  fcUow-Libourer  in  the 
ae  domain  of  thought.  I  gladly  acknowledge  that. 
were  it  not  for  his  excellent  experimental  invetstigatinns 
the  doctrine  of  the  conservation  of  force,  or,  a^  I  shoulJ 
express  it,  Physiciil  Stoicbiometry,  would  not  l>e  able  to 
show  the  fruits  which  it  now  exhibits.  The  name  of 
Joule,  moreover,  is  quite  as  famous  in  Germany  ius  in 
England. 

J.  R-Mayeiu* 

*H«ilbronii.  AUy  31, 1863/ 

The  opinion  I  ventured  to  express  in  1863,  I  would 
here  repeat.  '  In  the  Brmament  of  science  Mayer  and 
Joule  constitute  a  double  star,  the  light  of  each  being  in 
a  certAin  sense  complementary  to  that  of  the  other-' 


^ 


NOTE, 


Tri  foregoing  akoteh  had  been  written  and  printed  before  the 
two  most  recent  German  worka  on  tbo  life  and  labours  of 
Mayor  came  into  my  hands. 

In  these  works  it  in  stated  that  I  have  sufiered  myself  to 
bo  inflaenced  by  Professor  Helmholtz  in  a  sense  onfavoamblti 
to  Dr.  Mayer.  To  those  acquainted  with  my  behariour  in 
relation  tc  this  qncstion  sQch  a  statement  must  seem  simply 
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abnud.  And  with  ngftrd  to  Vndoaaor  Helmholte,  it  is  mj 
datrf  to  Btate  that  nother  directly  nor  indiraottf  has  he  ever 
■oaght  to  bring  aa  infloence  iwiminal  to  Mayer  to  bear 
upon  me. 

Professor  ChHisiaa  has  also  been  xepreaenied  aa  an- 
tagonistic to  Mayer,  bat  hia  own  reply  to  this  aoonsation  is  so 
oondnsiTe  as  to  render  it  nnneeeaaaiy  for  me  to  snpplemenk 
it  by  a  single  word. 

Juos  TnoiUb 
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